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 Humans are ubiquitously exposed to many phthalates, a class of endocrine-disrupting 
chemicals commonly used as plasticizers in a variety of consumer products.  Since diet is the 
predominant source of exposure to many phthalates due to environmental contamination and 
fatty foods possess a higher concentration of phthalates, it is important to study them together.  
Furthermore, both exposure to phthalates and a high-fat diet (HFD) are common and can 
separately cause oxidative stress and inflammation.  As the prenatal period is crucial for brain 
development and is particularly prone to environmental insult, the purpose of this dissertation is 
to examine the neurodevelopmental effects of prenatal exposure to phthalates in conjunction with 
a maternal HFD.  In particular, the set of studies within the following chapters uses a rat model 
of human prenatal exposure to investigate the developmental, behavioral, and neural effects of an 
environmentally relevant mixture of phthalates (0, 200, or 1000 mg/kg/d) and a maternal HFD, 
with a specific emphasis on the medial prefrontal cortex (mPFC).  The mPFC is of particular 
interest given its involvement in executive function and social behavior, as well as its implication 
in the pathology of many neuropsychiatric disorders, some of which have been positively 
associated with prenatal phthalate exposure (Ejaredar et al., 2015) and maternal obesity (Sanchez 
et al., 2017).  Given that phthalates and a maternal HFD are known to separately result in similar 
adverse neurodevelopmental outcomes, we hypothesized that the combination may have additive 
effects possibly mediated via common effects on inflammation and oxidative stress.   
What was found, however, was that perinatal exposure to phthalates and a HFD resulted 
in independent effects that rarely interacted.  In the set of studies here, we add to the existing 
rodent literature, and support the human literature, in demonstrating that perinatal exposure to an 
environmentally relevant mixture of phthalates results in adverse neurodevelopmental outcomes 
that are evident in social behaviors, startle reactivity, cognitive flexibility, and the neuroanatomy 
of the mPFC in both males and females.  Perinatal exposure to phthalates resulted in a decrease 
in the total number of neurons and synapses, as well as size, of the mPFC in both adult males and 
females.  Since there were no effects of phthalate exposure on the number of synapses per 
neuron in the mPFC, this suggests that neuron loss, rather than synapses per se, may underlie the 
phthalate-induced decrease in the total number of synapses within the mPFC.  These neurotoxic 
effects on the mPFC as a result of phthalate exposure also appear to be immediate considering 
that there was a lack of consistent effects in oxidative stress markers and gene expression within 
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the mPFC at both early and late timepoints.  Here, we also demonstrate that although a HFD 
increased maternal caloric intake and gestational weight gain, as well as maternal care and pup 
prepubertal bodyweights that persisted into adulthood in males, a HFD did not have many, and 
certainly not robust, effects on neurodevelopment.  In fact, the only salient effect that a HFD had 
was limited to females on cognitive flexibility, such that an early perinatal HFD appeared 
beneficial to cognitive flexibility in females.  There were no significant effects of a HFD on the 
neuroanatomy of the mPFC.  Overall, this study demonstrates that phthalates and a maternal 
HFD rarely interact, but can have separate lasting effects on behavior.  Importantly, phthalates 
appeared to have a greater influence on adult behaviors than a HFD and, unlike a HFD, affected 
the neuroanatomical outcome of the adult mPFC.  More research is needed to identify the types 
of neurons and synapses that are affected and to elucidate the mechanistic action of an 
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CHAPTER 1: INTRODUCTION TO PHTHALATES AND A HIGH-FAT DIET 
There is increasing research and public interest in the health concerns posed by many 
endocrine disruptors, which are defined by The Endocrine Society (Diamanti-Kandarakis et al., 
2009) as “substances in our environment, food, and consumer products that interfere with 
hormone biosynthesis, metabolism, or action resulting in a deviation from normal homeostatic 
control or reproduction.”  One such particular class of endocrine-disrupting chemicals (EDCs), 
known as phthalates, is produced on a large scale with an annual global production of 
approximately 11 billion pounds (Lowell Center for Sustainable Production, 2011), and this is 
paralleled by ubiquitous exposure rates (reviewed in Johns et al., 2015).   
Phthalates come in a variety of forms with different properties and applications making 
them virtually impossible to avoid.  Their innumerable uses in consumer products is driven by 
their low cost, their attractive properties, and the lack of suitable alternatives.  Exposure to 
phthalates is facilitated through their general use as a plasticizer, stabilizer, additive, solvent, and 
fixative in a variety of consumer goods, like polyvinyl chloride plastics and personal care 
products.  Since phthalates are not covalently bound to the plastics in which they are primarily 
used, direct contact is not the only source of exposure as phthalates can readily leach into 
products or evaporate into the environment.  Consequently, exposure can also occur through 
ingestion, inhalation, and even dermal contact with contaminated air (Weschler et al., 2015). 
However, diet is presumed to be the main source of exposure to many phthalates due to 
environmental contamination during production, processing, and packaging of food products 
(Heudorf et al., 2007; Lyche et al., 2009).  Moreover, fatty foods such as oils, dairy, meat, and 
fish contain the highest level of phthalates, which is of concern as calorically dense and high-fat 
foods are readily available in the developed world and likely contribute to the dramatic increase 
in obesity rates (Andersen, 2000).  For instance, fast food intake is influenced by its accessibility, 
which is greatest in the developed world and known to play a role in obesity rates (Hamano et 
al., 2017).  Additionally, fast food intake, and in particular fast food-derived fat intake, has been 
shown to be positively associated with exposure to some phthalates, in particular DEHP and 
DiNP (see Table 1) (Zota et al., 2016).  Given this correspondence and that phthalates and high-
fat diets can separately increase oxidative stress and inflammation (Kasahara et al., 2002; White 




In the following sections within this chapter, phthalates and a high-fat diet will be further 
introduced and, in regards to their effects, briefly summarized with the ultimate goal of justifying 
the need to investigate the cognitive, behavioral, and neural effects of perinatal exposure to 
phthalates in conjunction with a maternal high-fat diet.  The following sections will present the 
aims, as well as the general methods and materials, of the studies within the subsequent chapters.  
Furthermore, as this chapter serves as a general introduction, more detail regarding the influence 
of perinatal exposure to phthalates and a maternal high-fat diet on specific outcomes will be 
elaborated on within the pertinent chapters. 
1.1 Phthalates 
1.1.1 History, Chemistry, Properties, and Source of Exposure 
Phthalates were introduced in the 1920’s as plasticizers that surmounted the excessive 
volatility and undesirable odor of the prevailing plasticizer, camphor.  By the 1930’s, with the 
commercial availability of polyvinyl chloride (PVC) plastics and phthalates, specifically DEHP 
as the preferred plasticizer, the thermoplastic market quickly shifted away from celluloids, a 
plastic consisting of nitrocellulose and camphor, towards PVC (Graham, 1973).   
As a class of chemicals, phthalates contain a benzene ring 
with two ester functional groups (i.e. a diester; see Fig. 1) and are 
prepared from phthalic anhydride and a respective alcohol.  
Collectively, phthalates are colorless, odorless, lipophilic liquids 
with low water solubility and low volatility.  Phthalates are 
generally characterized by their molecular weight (see Table 1 for a 
list of common phthalates), which is related to the complexity and 
length of their alkoxy (-OR) side-chains.  This type of 
characterization clarifies not only the size of the given phthalate diester but also many of the 
properties.  For example, phthalate diesters of lower molecular weight, and thus shorter side-
chains, like DEP and DBP, have relatively higher water solubility and volatility.  Consequently, 
these more volatile phthalates are found at higher concentrations in indoor and outdoor air, 
whereas phthalates with higher molecular weight, like DiNP, DEHP, and BBP, or with more 
side-chain branching, like DiBP, are found at higher concentrations in household dust.  Aside 
from the lower volatility, higher molecular weight phthalates also have more isomeric forms due 




to their extensive branching, which contributes to their increased hydrophobicity (Frederiksen et 












Table 1.  Common phthalate diesters with their abbreviations, molecular weights, estimated exposures, and major 
metabolites with abbreviations.  This is not a complete list of metabolites.  For instance, DiNP is a mixture of 
variously branched isononyl isomers, and thus there is a variety of monoester, hydroxyl, oxo, and carboxy isomeric 
metabolites.  Additionally, more than 15 metabolites of DEHP have been identified in humans and rodents. 
Because of phthalates’ relatively high permanence, high stability, and low cost as a 
plasticizer, as well as their conferred benefit to the mechanical properties (i.e. the flexibility and 
durability) of plastics, phthalates still dominate the market in their use as a plasticizer.  DEHP, 
one of the most commonly used phthalates worldwide, is mainly used in PVC products, such as 
medical bags and tubing, construction materials, cables, wires, vinyl flooring, toys, shower 
curtains, mattress pads, carpets, artificial leather, and upholstery.  DiNP, another high molecular 
weight, is now becoming commonly used in lieu of DEHP, as it appears to be less potent in 
regards to its anti-androgenic activity (Gray et al., 2000; Hannas et al., 2011).  BBP is also used 
in similar products as DEHP and DiNP; however, lower molecular weight phthalates generally 
have different applications.  For instance, DBP and DiBP are generally used in nitrocellulose 
plastics, food wraps, nail polish, shampoos, sunscreens, lotions, insect repellants, pesticides, 
propellants, explosive materials, adhesives, and lacquers (e.g. paint, printing inks, enamels, etc.), 
whereas DEP is primarily used in cosmetics (e.g. nail polish and eye-shadow), personal care 
products (e.g. shampoos, conditioners, and lotions), fragrances (e.g. perfumes, bath soaps, 
detergents, and after-shave), and aerosols (e.g. hair spray).  DBP and DEP are also used at 









DEP Diethyl 222.24 MEP Monoethyl 
DBP Di(-n-)butyl 278.35 MBP Mono(-n-)butyl 
DiBP Diisobutyl 278.35 MiBP Mono-iso-butyl 
BBP Benzyl butyl 312.37 MBzP Monobenzyl 
DEHP Diethylhexyl 390.56 MEHP Mono(2-ethylhexyl) 
   MEHHP or 5OH-MEHP Mono(2-ethyl-5-hydroxyhexyl) 
   MEOHP or 5oxo-MEHP Mono(2-ethyl-5-oxohexyl) 
   MECPP or 5cx-MEPP Mono(2-ethyl-5-carboxypentyl) 
   MCMHP or 2cx-MMHP Mono(2-carboxy-hexyl) 
DiNP Diisononyl 418.609 MiNP Mono-iso-nonyl 
   MHiNP or OH-MiNP Mono(hydroxy-iso-nonyl) 
   MOiNP or oxo-MiNP Mono(oxo-iso-nonyl) 
   MCiOP or cx-MiNP Mono(carboxy-iso-octyl 
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strikingly high concentrations in over 100 pharmaceuticals and dietary supplements as excipients 
in tablets and capsules to support extended-release, delayed action, and enteric coating 
formulations.  For example, DBP is FDA-approved for up to 1.70 mg for a delayed-action, 
enteric-coated tablet and 11.18 mg for an extended-release capsule.  Similarly, DEP has been 
approved for up to 0.5 mg for an uncoated, chewable tablet and up to 16.8 mg for a delayed-
action, enteric-coated capsule (Kelley et al., 2012).  Additionally, it is worth mentioning that a 
given product can contain a mixture of phthalates rather than just one specific phthalate diester. 
Regardless of their application, phthalates are not chemically bound to the plastics or 
polymers in which they are used and, thus, up to half of the phthalates can easily migrate out of 
products over time.  In fact, the concentration of DEHP in a food product has been shown to 
positively correlate with the time since packaged (Kueseng et al., 2007).  Indeed, certain 
conditions, like heat, abrasion, or contact with lipid soluble surfaces (e.g. fatty foods), can also 
expedite this migration.  Given phthalates’ use in food production equipment, like conveyor 
belts, gloves, pipes, and hoses, it is unsurprising that in the general population the major 
exposure to phthalates, particularly DiNP, DEHP, BBP, DiBP, and DBP, comes from the 
ingestion of food, especially fatty foods.  In fact, Wormuth et al. (2006) estimated that >95% of 
the exposure to DiBP and DEHP in the general population is from food.  Additionally, 
approximately 80-90% of the exposure to DBP and 60% of BBP is reported to come from food 
in the adult population.  In contrast, DEP predominantly (>80%) comes from the application of 
personal care products, and thus dermal and inhalation pathways, as well as incidental ingestion, 
are considered routes of exposure.  Although exposure to DiNP was reported to come from 
various sources, it was predicted that exposure patterns would become similar to DEHP due to 
DiNP’s use as a substitute for DEHP.  Consequently, it has been shown more recently that this 
indeed is the case (i.e. the ingestion of food is the predominant exposure source of DiNP; Koch 
et al., 2013).  However, it should be mentioned that a subpopulation of individuals, especially 
those undergoing intensive medical treatment, can be exposed to very high amounts of DEHP 
intravenously, as DEHP is used in medical equipment (i.e. bags, tubes, etc.) at very high 
concentrations (20-40%; Lyche et al., 2009). 
1.1.2 Toxicokinetics  
Since humans are exposed to phthalates not only from numerous sources but also through 
different routes, estimates of exposure to phthalates based on external sources can be 
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challenging.  Aside from having to know the ingestion, inhalation, and dermal absorption rates 
for each phthalate, it would be necessary to know an individual’s product usage patterns, dietary 
habits, and length of time in susceptible environments.  Additionally, concentrations of 
phthalates in the environment, food, and products, as well as their ability to leach from said 
products, would be necessary in order to more precisely estimate human exposure levels. 
Fortunately, another way of estimating exposure simply consists of measuring urinary 
concentrations of phthalate metabolites and relating these to rates of phthalate metabolism to 
reconstruct exposure levels.  An advantage of this dose reconstruction, other than comparative 
ease, is that it is reflective of total exposure combining exposures from the different sources and 
routes.  Furthermore, by measuring secondary metabolites, it avoids external contamination that 
may be present with measuring the major monoester.  However, this dose reconstruction assumes 
that different exposure routes result in similar phthalate metabolism and that all individuals 
metabolize phthalates at a constant rate (Lyche et al., 2009; Holahan and Smith, 2015).  These 
assumptions are unknown, but it does appear that children’s oxidative pathway for phthalate 
metabolism – discussed in the following paragraph – may be more effective than in adults.  
Another consideration with this method is that more than a single urine sample should be used to 
reconstruct exposure considering that there is high individual variability of urinary phthalate 
metabolites within a day (Aylward et al., 2011), as well as across days (Fromme et al., 2007).  
Accordingly, although there is a paucity of information on the toxicokinetics of 
phthalates, the metabolic pathways involved in the urinary excretion of phthalate metabolites are 
partially known.  In general, phthalates follow a two-step metabolic pathway: phase I hydrolysis 
proceeded by phase II conjugation.  In the initial step, the phthalate diester is rapidly hydrolyzed 
by gut lipases into its major phthalate monoester metabolite.  After absorption, phase II follows 
with several biotransformations resulting in a glucuronide-conjugated metabolite, which 
improves water solubility, facilitates urinary excretion, and reduces its biological activity 
(Frederiksen et al., 2007).  However, phthalates with short side-chains (i.e. more hydrophilicity) 
do not always go through this entire metabolic pathway.  For instance, the short side-chain 
phthalates main metabolite in urine is the simple monoester, as opposed to oxidized metabolites 
as in the case of the longer side-chain phthalates, like DEHP and DiNP (Wittassek and Angerer, 
2008).  Furthermore, the simple monoester metabolite of DEP is excreted in urine mainly (71%) 
as a free (unconjugated) monoester, whereas the simple monoester metabolites of DBP, BBP, 
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and DEHP are excreted primarily (84-94%) in conjugated form.  Although the proportion of free 
and conjugated monoesters in urine appear be similar to those found in serum (Silva et al., 2003), 
the dominating metabolite of a given phthalate in urine may be different than that found in 
serum.  For example, DEHP’s simple monoester (MEHP) is the leading metabolite in serum, 
whereas in urine it only accounts for ~7% of the excretion.  Rather, the oxidative metabolites 
(see Table 1) are the predominant urinary metabolite of DEHP. 
Phthalates are presumed to be non-bioaccumulative and metabolized relatively quickly 
based on read-across approaches and a few relatively small, isotopically labelled studies.  For 
instance, at least 40-70% of an orally administered phthalate dose is excreted in the urine within 
24-48 hours.  Additionally, levels of phthalate metabolites peak in serum within 2-4 hours after 
oral administration and generally have a half-life of 2 hours.  However, one of DEHP’s 
secondary metabolites, MCMHP, has a serum elimination half-life ≥5 hours and peaks in a 
multi-phase elimination fashion at 9 and 24 hours within urine following oral administration.  
Consequently, depending on the given phthalate metabolite, levels in urine generally peak within 
2-4 hours3 (reviewed in Wittassek and Angerer, 2008).  However, considerably less is known 
about the metabolic distribution of phthalates in other biological fluids and tissues, though 
phthalate metabolites have been detected in human amniotic fluid, cord blood, breast milk, 
saliva, meconium, stool, semen, and sweat.  In fact, some of the parent phthalates were found in 
sweat and breast milk (Frederiksen et al., 2007; Genuis et al., 2012), suggesting an alternative 
metabolic pathway or, in opposition to current thought, sequestration in peripheral tissues.   
1.1.3 Toxicodynamics 
Aside from the aforementioned oxidative stress and inflammatory effects, phthalates are 
known to have a promiscuous set of mechanistic actions that are dependent on the given 
phthalate.  In fact, some phthalates have a disparate set of mechanistic actions that are specific to 
a given metabolite.  However, collectively, phthalates are known to have anti-androgenic, 
estrogenic, and anti-estrogenic activity (Takeuchi et al., 2005).  Phthalates can also suppress the 
synthesis of steroidogenic enzymes (Kim et al., 2004; David, 2006) and have such wide-ranging 
effects as suppressing calcium signaling in nicotinic receptors (Liu et al., 2009), weakly 
antagonizing cannabinoid receptors (Bisset et al., 2011), and interfering with thyroid (Boas et al., 
2012), insulin-like growth factor 1 (IGF-1) (Boas et al., 2010), and insulin signaling (Huang et 
al., 2014; Smerieri et al., 2015). 
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1.1.4 Human Health Concerns  
Phthalates are presumed to affect many aspects of health, with concerns related to the 
reproductive, endocrine, metabolic, cardiovascular, and nervous systems (Mariana et al., 2016; 
Benjamin et al., 2017).  The exact mechanisms underlying the effects on specific systems are not 
fully understood; however, much of the pioneering work on the deleterious effects of phthalate 
exposure comes from studies investigating their effects on the endocrine and reproductive 
systems, where concurrent exposure, as measured by urinary phthalate metabolite 
concentrations, has been associated with altered reproductive hormone levels in both males (Pan 
et al., 2015) and females (Wen et al., 2017), decreased testosterone levels (Meeker and Ferguson, 
2014; Chen et al., 2017), lower thyroid hormone and IGF-1 levels (Boas et al., 2010), precocious 
puberty in girls (Srilanchakon et al., 2017), and delayed puberty in boys (Zhang et al., 2015).   
Although much of the original investigative work has focused on the endocrine and 
reproductive systems, there is a growing literature exploring phthalates’ effects in other systems, 
which demonstrates the breadth of adverse effects they can have on health, as well as 
highlighting their metabolic- and endocrine-disrupting properties.  For instance, concurrent 
phthalate exposure, as measured by urinary phthalate metabolite concentrations, has been 
associated with insulin resistance (Chen et al., 2017), both childhood and adulthood obesity 
(Buser et al., 2014), hyperlipidemia, diabetes mellitus (Dong et al., 2017), asthma (Bertelsen et 
al., 2013), depression (Kim et al., 2016), decreased sexual interest (Barrett et al., 2014), learning 
disability (Chopra et al., 2014), attention-deficit/hyperactivity disorder, severity of externalizing 
symptoms, and cortical maturation (Park et al., 2015). 
1.1.5 Vulnerable Periods of Exposure in Humans and Rodents 
In consideration of these concerns to health and the generally higher exposure of children 
to phthalates compared to adults, some phthalates have been permanently (i.e. DEHP, DBP, 
BBP) or provisionally banned (i.e. DiNP) for use in children’s toys and specific child care 
articles in any amount greater than 0.1% for a given phthalate.  This ban is specific to toys that 
can be placed in the mouth and child care articles intended to facilitate the sucking, feeding, or 
teething of children age 3 and younger, as this type of ingestive behavior is believed to partially 
account for the differences in exposure across age groups. 
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However, since phthalates are detected in essentially all pregnant women in the United 
States (Woodruff et al., 2011) and can readily cross the placenta (Mose et al., 2007), there is a 
reasonable concern that the gestational period may also be a particularly vulnerable window of 
exposure to phthalates and their endocrine- and metabolic-disrupting effects.  In support of this 
concern, gestational phthalate exposure, as measured by maternal urinary phthalate metabolite 
concentrations, has been associated with increased preeclampsia risk (Cantonwine et al., 2016), 
shorter pregnancy duration (Latini et al., 2003), childhood body mass indices (BMIs) and 
adiposity (Yang et al., 2017), impaired male sexual development as determined at birth (i.e. 
anogenital distance, penile width, and penile length) (Swan et al., 2005; Bustamante-Montes et 
al., 2013; Martino-Andrade et al., 2016), and lower reproductive function in young men 
(Axelsson et al., 2015).  This reproductive toxicity has been further explored and extensively 
studied in rats, where prenatal exposure to phthalates has been shown to decrease fetal testicular 
testosterone production (Gray et al., 2000; Hannas et al., 2011), impair testicular descent (Shono 
and Suita, 2003) and development (Ma et al., 2017), decrease anogenital distance (Kita et al., 
2016), increase the risk of hypospadias, increase male areola and nipple retention, lower the 
weight of male reproductive organs (Mylchreest et al., 2000), and adversely affect reproductive 
function in adulthood (Kai et al., 2005).  
1.1.6 Prenatal Exposure and Neurotoxicity 
Although much is known about the reproductive toxicity of phthalates, much less is 
known about its neurotoxic effects.  But considering that hormones influence the developing 
brain, it is unsurprising that prenatal phthalate exposure in humans has been associated with 
adverse neurodevelopmental outcomes (Ejaredar et al., 2015).  In particular, there are limited 
studies indicating that prenatal exposure to phthalates, as measured by maternal urinary phthalate 
metabolite concentrations, may influence children’s behavior, such that prenatal exposure has 
been positively associated with emotional control problems and symptomatology akin to 
attention-deficit/hyperactivity and autism spectrum disorders (Engel et al., 2010; Kobrosly et al., 
2014; Lien et al., 2015; Jeddi et al., 2016).  Prenatal phthalate exposure has also been associated 
with reduced masculine play behavior in boys (Swan et al., 2010), as well as deficits in 
intellectual development and cognitive function (Miodovnik et al., 2011; Factor-Litvak et al., 
2014; Polanska et al., 2014; Ipapo et al., 2017).  Though there are several human studies 
investigating gestational phthalate exposure on behavioral outcomes, no study to date has 
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examined the underlying neural outcomes of gestational phthalate exposure in humans.  
However, there is one study that looked at cortical maturation of children with their current 
phthalate exposure levels and found that exposure was negatively correlated with cortical 
thickness in the right middle and superior temporal gyri (Park et al., 2015). 
Likewise in rodents, perinatal phthalate exposure has been shown to affect cognitive 
behavior with the vast majority of studies indicating negative effects (e.g. Hoshi and Ohtsuka, 
2009) while a few demonstrate positive effects (e.g. Li et al., 2010).  These discrepancies are 
presumably due to the specific phthalate, dose, and behavioral task used within the study, as well 
as the sex and age at assessment.  Although many studies have assessed cognitive behavior 
following perinatal phthalate exposure, most of these studies evaluate performance in the Morris 
water maze or the elevated plus maze, such that executive functions have not been investigated.  
Additionally, much less is known about the effect of perinatal phthalate exposure on social 
behaviors in rodents, with only one study having demonstrated that higher doses of DEHP affect 
social interactions in juvenile mice (Quinnies et al., 2017).  Lastly, given that maternal care is 
known to have a long-term impact on offspring behavior (Caldji et al., 1998), including social 
behaviors (Parent and Meaney, 2008), it is important to investigate maternal behaviors as they 
may mediate the observed behavioral effects of perinatal phthalate exposure in offspring.  The 
previously mentioned study that found effects of perinatal exposure to DEHP on social behavior 
is the only study to date that has explored the effects of perinatal exposure to phthalates on 
maternal behaviors finding no effects (Quinnies et al., 2017).  In regards to neural effects, there 
are no studies to date that have looked at regions involved in executive functions.  However, 
prenatal phthalate exposure has been demonstrated to impair functional plasticity within 
hippocampal circuits (reviewed in Holahan and Smith, 2015) and impair development of the 
neocortex (Komada et al., 2016).   
Although there is a considerable amount of research in rodents demonstrating the effects 
of perinatal exposure to phthalates, much of the literature is limited in its relevance to human 
exposure due to uncommon routes of exposure (e.g., intraperitoneal injections) and the 
confounding stress of oral gavage.  Moreover, the overwhelming majority of these rodent studies 
assess exposure to one phthalate at relatively high doses.  Thus, further investigation is necessary 
regarding the behavioral and neural outcomes of prenatal phthalate exposure, especially with an 
environmentally relevant mixture, dose, and route of administration.  In particular, an 
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investigation of behaviors that also involve executive functions, as well as brain regions related 
to these cognitive behaviors, is needed. 
1.2 High-Fat Diet 
1.2.1 Human Health Concerns: Obesity 
Obesity is a major health issue worldwide that contributes to the escalating incidence of 
cardiovascular disease, hypertension, type II diabetes, depression, asthma, osteoarthritis, liver 
and gallbladder diseases, sleep apnea, cancer and related mortality, and gynecological problems 
(Akil and Ahmad, 2011).  Indeed, more sedentary lifestyles have partially contributed to these 
health issues, but so have changing dietary patterns.  These dietary patterns have undoubtedly 
been influenced by the evolving food industry, which promote obesogenic environments through 
the availability, convenience, and marketing of prepared and packaged energy-dense, nutrient-
poor food and beverages with perfected tastes (Sonntag et al., 2015). 
Given the startling increase in the prevalence of obesity over the past several decades 
(Yu, 2016), there has been a growing emphasis to reduce the proportion of energy intake from fat 
(Bray and Popkin, 1998; Astrup et al., 2000); however, the evidence to support this 
recommendation is quite controversial (see Seidell, 1998; Willett, 2002; Hession et al., 2009).  In 
fact, from 1971 to 2006, the prevalence of obesity increased from 14% to 35% in the United 
States, even though the proportion of energy intake from fat decreased across all BMI categories 
in men and women (Austin et al., 2011).  But considering that there has been an increase in total 
energy intake across all groups over this period, there has been an overall increase in the amount 
of fat consumed.  Although an increase in total energy intake, and potentially a decrease in 
energy expenditure, is the main culprit of the obesity pandemic, dietary fat continues to be 
implicated in the rise of obesity due to its energy density, palatability, and weak effects on 
satiety.  Interestingly, more recent research indicates that the macronutrient contribution to 
energy balance is more complex, as different dietary fats can have dissimilar effects on satiety 
(Maher and Clegg, 2018), just as they do on health (de Souza et al., 2015; Clifton and Keogh, 
2017). 
1.2.2 In Rodents 
Regardless of the controversy pertaining to certain fats contributing to various health 
outcomes, it is indisputable that a hypercaloric diet, or overnutrition, resulting in obesity is 
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unhealthy.  Because the energy density of feed is predictive of a rat’s caloric intake (Beheshti et 
al., 2018), a high-fat diet (HFD) is commonly applied for the development of obesity in rodent 
research.  Furthermore, this HFD-induced obesity in rodents is presumed to accurately model the 
physiology of an obese human (Akbay et al., 2004; Wang et al., 2017).  Aside from modeling 
obesity, a HFD also more accurately models the human situation, especially considering that 
typical rodent diets are rather low in fat (i.e., approximately 16% of total kcal intake).   
1.2.3 Prenatal Developmental Programming 
The fetal origins (i.e. Barker’s) hypothesis, which was supported by an association 
between prenatal nutrition and late-onset of coronary heart disease, provided the original impetus 
for the developmental origins of health and disease theory, which expanded on this previous 
hypothesis to propose that broader early life environmental conditions can have significant 
impacts on development and health outcomes later in life (Wadhwa et al., 2009).  Therefore, 
similar to the vulnerable periods of phthalate exposure, diet appears to have sensitive periods that 
can influence the trajectory of development and later incidence of health concerns.  
Accordingly, the effects of a maternal high-fat diet (HFD) on the developmental 
programming of offspring towards an increased adiposity phenotype have been well-established 
in rodents and are due to both a dysregulated metabolic system and behavioral changes (Frihauf 
et al., 2016), but these effects appear to be mediated by maternal obesity and are not due to a 
maternal HFD per se (White et al., 2009a).  Similarly, a clinical study demonstrated that children 
born after maternal gastrointestinal bypass surgery are less obese and have better 
cardiometabolic profiles compared to siblings born before maternal surgery, and these findings 
were related to disparate epigenetic regulation of metabolism-related genes within the children 
(Guenard et al., 2013).   
Regardless of whether obesity or the maternal diet are responsible for the developmental 
programming of offspring, a maternal HFD can increase systemic inflammation possibly 
mediated through obesogenic effects, which can permanently disrupt the trajectory of fetal brain 
development and concomitant behavior (reviewed in Bolton and Bilbo, 2014).  In fact, meta-
analyses in humans have indicated that maternal obesity significantly increases rates of infant 
mortality (Meehan et al., 2014), childhood asthma (Forno et al., 2014), poor neonatal Apgar 
scores (Zhu et al., 2015), reduced cognitive function in offspring (Veena et al., 2016), and other 
adverse neurodevelopmental outcomes, like attention-deficit/hyperactivity disorder, autism 
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spectrum disorder, developmental delay, and emotional/behavioral problems (Sanchez et al., 
2017).  Furthermore, given that most obese women gain more weight than what is recommended 
during pregnancy, higher gestational weight gain is also associated with increased risk of pre-
term birth (Faucher et al., 2016), higher birth weight (Faucher and Barger, 2015), and an adverse 
cardio-metabolic profile within children, which is largely mediated by the increased rates of 
childhood obesity (Gaillard et al., 2015). 
1.2.4 Perinatal Exposure and Neurodevelopment in Animal Studies 
Studies investigating the effects of a maternal HFD on offspring cognition in animal 
models have mainly focused on anxiety, depression, learning and memory, and motivation, with 
the use of the elevated plus maze, open field, forced swim task, Morris water maze, novel object 
recognition task, and dietary (i.e., fat or sucrose) preference testing.  The reported effects on 
offspring behavior within these tasks following a maternal HFD have generally been mixed, and 
this is presumably due to not only sex- and age-specific outcomes but also HFD composition and 
exposure duration and time (reviewed in Contu and Hawkes, 2017).  Additionally, a HFD can 
influence maternal care (e.g., Speight et al., 2017), which is known to mediate offspring stress 
responsivity (Champagne and Meaney, 2001) and behavior (Parent and Meaney, 2008).  Thus, 
natural variations in maternal care (Champagne et al., 2003), as well as inconsistent HFD-
induced alterations in maternal care possibly due to HFD composition and exposure duration and 
time (Connor et al., 2012), may be partially responsible for the discrepancy in behavioral 
outcomes of offspring from dams fed a HFD. 
Since maternal obesity in humans has been associated with increased rates of adverse 
neurodevelopmental disorders in offspring, including autism spectrum disorder, which is 
characterized by salient social deficits, some studies using animal models have investigated the 
effects of a maternal HFD on social behaviors in offspring.  Although this has not been 
extensively studied, the majority of rodent studies, particularly all of the murine studies, have 
reported that a maternal HFD results in social deficits within the offspring (Raygada et al., 1998; 
Kang et al., 2014; Buffington et al., 2016).  In contrast, a study in rats has demonstrated that a 
maternal HFD results in more social play within offspring (Hehar et al., 2016).  Whether this 
discrepancy is due to species differences or experimental differences in the maternal HFD 
composition, initiation, and duration is unknown. 
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Although many of the behavioral effects due to a perinatal HFD are conflicting, the 
effects of a maternal HFD on the executive functions of offspring concur with associations found 
in human studies, suggesting an adverse impact.  In particular, a maternal HFD administered 
perinatally results in offspring that demonstrate impulsivity and attentional deficits in the 5-
choice serial reaction-timed and attentional set-shifting tasks compared to control animals (Wu et 
al., 2013; Grissom et al., 2015; McKee et al., 2017).   
To date, much of the work on the mechanisms underlying these maternal dietary 
influences on offspring behavior has focused on the developmental programming of the brain via 
epigenetic modifications and their short- and long-term influence on gene expression and protein 
levels within the brain.  Although transcriptional and protein level differences have been 
extensively explored in the brains of offspring from dams fed a HFD (e.g., White et al., 2009b), 
there has been a dearth of investigation on structural differences in the neuroanatomy until most 
recently.  Janthakhin et al. (2017) demonstrated that the offspring from dams fed a HFD exhibit 
reduced dendritic arborization of pyramidal neurons in the hippocampus and basolateral 
amygdala, which likely has implications to cognitive and emotional processes.  More recently, 
Lemes et al. (2018) demonstrated that the offspring from dams fed a HFD have modified 
neuronal cell-type populations in the arcuate nucleus, which likely has implications to feeding 
behavior.  Still, no study has investigated the effects of a maternal HFD on the neuroanatomical 
effects in the cortex.  
1.3 Phthalates and a High-Fat Diet  
Since a maternal HFD can increase inflammation and lead to adverse 
neurodevelopmental outcomes in offspring similar to what has been shown with prenatal 
phthalate exposure, it is important to study the potential interaction of a maternal HFD and 
exposure to phthalates during this sensitive period on neurodevelopment.  This examination is 
important because, to our knowledge, no study to date has investigated the potential interaction 
of a HFD and phthalates during this sensitive period.  Although one study has explored the 
adiposity outcomes of a high-fat dietary challenge at weaning following perinatal phthalate 
exposure (Strakovsky et al., 2015), it did not study the neurodevelopmental outcomes nor the 
effects of simultaneous exposure to phthalates and a HFD.  This temporally matched exposure 
period is important to assess potential interactive effects on oxidative stress and inflammation, 
which may underlie many of the neurodevelopmental outcomes.  Furthermore, aside from their 
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separate, and sometimes similar, effects on human health, this investigation is particularly 
relevant given that both phthalates and a HFD are common in the developed world and 
phthalates are found in higher concentrations in fatty foods. 
1.4 Aims 
It is the purpose of this dissertation to examine the effects of prenatal exposure to 
phthalates in conjunction with a HFD.  In particular, the set of studies within the following 
chapters uses a rat model of human prenatal exposure to investigate the developmental, 
behavioral, and neural effects of phthalates and a HFD, with a specific emphasis on the medial 
prefrontal cortex (mPFC).  The mPFC is of particular interest given its involvement in executive 
function and other behaviors including social behavior, as well as its implication in the pathology 
of many neuropsychiatric disorders, some of which have been positively associated with prenatal 
phthalate exposure (Ejaredar et al., 2015) and maternal obesity (Sanchez et al., 2017).  Given that 
phthalates and a maternal HFD are known to separately result in similar adverse 
neurodevelopmental outcomes, we hypothesize that the combination may have additive effects 
possibly mediated via common effects on inflammation and oxidative stress.  Additionally, since 
many of these adverse neurodevelopmental outcomes implicate disruption of the mPFC, we 
expect to see neuroanatomical differences as a result of perinatal exposure to phthalates and a 
HFD.  However, how these specific neuroanatomical differences will manifest is unclear.  
Furthermore, since we are using a phthalate mixture, many developmental and reproductive 
markers that are known to be affected by single phthalates were assessed to facilitate in the 
speculation of the potential mechanistic action of a mixture.  For example, phthalates are 
generally known to be anti-androgenic, as many single phthalate exposure studies have 
demonstrated a decrease to anogenital distance, which is a marker of prenatal androgen 
exposure.  Lastly, since the mechanisms that underlie early life influences on offspring behavior 
have largely been ascribed to developmental programming via epigenetic modifications and their 
short- and long-term influence on gene expression within the brain, we assessed gene expression 
in the mPFC, as well as in the hypothalamus, as it is also involved in social behaviors.  
The dams from these studies were fed cookies containing an environmentally relevant 
mixture of phthalates – based on estimated exposures drawn from urinary metabolites of 
pregnant women in the Champaign-Urbana area – at doses of 0, 200, or 1000 µg/kg/day and 
consumed a control or HFD from conception through postnatal day (P)10, as this period 
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approximately corresponds to prenatal cortical development in humans.  This additionally is a 
suitable postnatal route of exposure in rats, as phthalates are known to pass through lactation 
(Dostal et al., 1987).  The next sections within this introduction will describe the objectives of 
the following chapters, as well as the general materials and methods that are consistent in all of 
the studies within the chapters of this dissertation.  
Many measurements that are commonly investigated in HFD and/or endocrine disruptor 
studies were examined in Chapter 2: caloric intake, weight gain, and pup body weights as well as 
litter size, sex ratio, and anogenital distance/index; as this will help for comparison to previous 
literature.  Maternal behavior was examined because maternal care during the perinatal period is 
known to have a long-term influence on the behavior of offspring (Caldji et al., 1998), and it was 
important to address whether any diet or phthalate effects in the pups are potentially mediated by 
alterations in maternal care.  Social play behaviors were observed during the periadolescent 
period as play peaks during this time and is a well-characterized behavioral biomarker of 
neurodevelopment (Blake and McCoy, 2015).  Furthermore, given phthalates’ documented anti-
androgenic effects (Gray et al., 2000; Hannas et al., 2011), social play is exploited as the 
frequency is sexually dimorphic (Olioff and Stewart, 1978) and affected by perinatal hormone 
exposure (Meaney et al., 1983).  The mPFC, an area of the cortex that is involved in both 
cognitive and social behaviors, was assayed for oxidative stress proteins and the expression of 
genes related to oxidative stress, inflammation, apoptosis, social behaviors, endocrine receptors, 
and steroid synthesis.  No studies to date have investigated the effects of early metabolic 
programming from a HFD on the gene expression of steroidogenic enzymes and hormone 
receptors in the mPFC.  The expression of genes related to social behaviors was also examined in 
the hypothalamus, as this is an area of the brain that is involved in social play. 
Chapter 3 specifically examines behavior in adulthood through an array of assessments 
that rely - with varying magnitude - on the mPFC: (1) startle reactivity and prepulse inhibition, 
(2) open field and novel object recognition, (3) elevated plus maze, and (4) attentional set-shift.  
To date, no studies have assessed these measures in adulthood following perinatal phthalate 
exposure, except the elevated plus maze, on which no one has assessed the potential interactive 
effects of a maternal HFD and an environmentally relevant mixture of phthalates.  
Lastly, Chapter 4 investigates the long-lasting effects on the neuroanatomy of the mPFC, 
which may help to elucidate some neural correlates of potential behavioral differences in pups 
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perinatally exposed to phthalates and/or a maternal HFD.  In particular, the number of neurons, 
glia, and synapses, as measured by synaptophysin, within the mPFC are examined, as well as the 
volume of the mPFC and underlying white matter. 
1.5 General Materials & Methods 
1.5.1 Subjects 
Male (n=60) and female (n=60) Long-Evans hooded rats were obtained from Harlan 
Laboratories (now Envigo) (Indianapolis, IN) at approximately 3 months of age and housed for 
at least two weeks prior to being paired for breeding in five cohorts.  They were housed in same-
sex pairs on a 12-h light/dark cycle with food and water available ad libitum.  To reduce 
exposure to endocrine-disrupting chemicals, all animals were housed in BPA-free polysulfone 
cages, fed a low phytoestrogen food (Harlan 2020X; Teklad Diets, Madison, WI), and hydrated 
with reverse osmosis-filtered water in glass bottles.  All procedures were approved by the 
University of Illinois Institutional Care and Use Committee and adhere to the National Institute 
of Health guidelines on the ethical use of animals.   
Only during breeding were animals placed in suspended wire-bottom cages where the 
presence of sperm plugs was inspected daily.  When a sperm plug was detected, the day was 
recorded as gestational day (GD) 0 and the dams were removed, housed individually, and 
assigned to one of six groups: 0 µg phthalates/kg body weight with a control diet (CON) (n = 11) 
or a high-fat diet (HFD) (n = 10), 200 µg phthalates/kg with a CON (n = 10) or a HFD (n = 9), or 
1000 µg phthalates/kg with a CON (n = 11) or a HFD (n = 10).  All experimenters were blind to 
treatment group, as phthalate mixtures were coded immediately after being made.  On the day of 
birth, designated as P0, the litters were not perturbed; however, on P1, each litter was culled to 
10 pups to control for litter size and sex ratio.  One 200 µg/kg phthalate-exposed CON-fed litter 
was dropped after birth due to infanticide.  One pup of each sex, or the average of a sex, within a 
litter was used as the unit of analysis.  When the litter was not balanced for sex, preference was 
given to the behavioral endpoints (see Fig. 2), as opposed to being sacrificed for P10 tissue 
collection.  Pups were weaned on P25 and pair-housed with similarly aged animals of same-sex, 
exposure, and diet.  Pups were handled for periadolescent social play observations and for the 
determination of pubertal onset, but otherwise were left alone, except for standard cage changes, 




Figure 2.  Experimental timeline. 
1.5.2 Maternal Diet 
From GD0 through P10, dams were fed ad libitum either a CON (15.8% kcal fat; 
D10012G) or HFD (45% kcal fat; D12451) obtained from Research Diets Inc. (New Brunswick, 
NJ) (see Table 2 for the energy density and macronutrient profiles for the respective diets).  On 
GD 0 and 1, the dams were given half a cookie (Newman’s Own organic alphabet cookie, vanilla 
flavor) with tocopherol-stripped corn oil pipetted onto it for acclimatization.  Starting on GD2 
through P10, dams readily consumed half a cookie overlaid with the daily dose of phthalate 
mixture at their corresponding concentration.  This method of oral administration is presumably 
not stressful, similar to the major route of exposure to phthalates in humans, and adequately 
exposes offspring via placental and lactational transfer (Singh et al., 1975; Dostal et al., 1987; 
Saillenfait et al., 1998).   
Typical rodent diets are quite low in fat (i.e., ~16% of total kcal intake) and using a 
higher fat diet more accurately models the human situation, where the average dietary fat intake 
for an adult American is approximately 34% of total energy.  The HFD used here is a common 
diet applied for the development of obesity in rodent research, and this HFD-induced obesity in 
rodents is presumed to accurately model the physiology of an obese human (Akbay et al., 2004; 
Wang et al., 2017).  This is because the energy density of feed is predictive of a rat’s caloric 




Table 2 – Experimental Diets 
 Harlan 2020X CON (D1001222G) HFD (D12451) 
Energy Density (kcal/gram) 3.1 3.9 4.73 
Calories from Fat 16 % 15.8 % 45 % 
Calories from Carbohydrate 60 % 63.9 % 35 % 
Calories from Protein 24 % 20.3 % 20 % 
Table 2.  Dietary information and macronutrient profile for each diet. 
1.5.3 Phthalate Mixture 
The phthalate mixture (see Table 3) was derived from back-calculating exposures based 
on the urinary metabolites of pregnant women in the Champaign-Urbana community 
(unpublished data), which approximates the U.S. population levels (Corbasson et al., 2016).  The 
phthalate mixture was comprised of 35% diethyl (DEP), 21% bis(2-ethylhexyl) (DEHP), 15% 
dibutyl (DBP), 15% diisononyl (DiNP), 8% diisobutyl (DiBP), and 5% benzyl butyl (BBP) 
phthalate.  The mixture was prepared by suspending 0, 0.6, or 3 mg phthalates/mL tocopherol-
stripped corn oil to ensure equivalent volume (1 µL/3 g body weight) in administering the 
respective 0 (control), 200, or 1000 µg phthalates/kg doses.  Each mixture was refrigerated for 
stability, coded to conceal exposure concentration, and used for no longer than 5 weeks, even 
though the mixture appears to be relatively stable at 6 months while stored at room temperature 
(unpublished data; data not shown). 
These doses are relatively low within the rodent literature, and based on the body surface 
area normalization method (Reagan-Shaw et al., 2008), which is prescribed by the U.S. Food and 
Drug Adminstration, a 200 and 1000 μg/kg dose in rats is equivalent to a human dose of 32.43 
and 162.16 μg/kg, respectively.  These doses align well within the range of the estimated daily 
intakes of humans (Heudorf et al., 2007) and, interestingly, is even below some of the tolerable 
daily intakes of some governing organizations (Koch et al., 2003).  However, there are 
limitations to translating these doses of phthalates from rats to the human population due to the 
lack of information on interspecies differences in the toxicokinetics and their associated dose-
response relationships. 
Table 3 – Phthalate Mixture Composition 
Phthalates Abbreviation Percent Composition 
Diethyl phthalate DEP 35.35 
Diethylhexyl phthalate DEHP 21.12 
Diisononyl phthalate DiNP 15.12 
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Table 3 (cont.) 
Dibutyl phthalate DBP 15.10 
Diisobutyl phthalate DiBP 8.16 
Benzyl butyl phthalate BBP 5.15 




CHAPTER 2: EARLY LIFE DEVELOPMENT AND BEHAVIOR 
This chapter is a marginally modified version of an article in Endocrinology 159: 1085-
1105 entitled Effects of perinatal exposure to phthalates and a high-fat diet on maternal 
behavior and pup development and social play (Kougias et al., 2018). 
2.1 Introduction 
Endocrine disruptors pose major health concerns in our industrialized society (Pereira et 
al., 2015).  One particular group of endocrine-disrupting chemicals, known as phthalates, come 
in a variety of forms with different properties and applications.  Exposure to these phthalates is 
facilitated through their ubiquitous use as a plasticizer or solvent in consumer goods, including 
personal care products, plastics, cleaning materials, pharmaceuticals, clothing, and building 
materials.  Since phthalates are not covalently bound to the polyvinyl chloride plastics in which 
they are primarily used, direct contact is not the only source of exposure as phthalates can readily 
leak into products or evaporate into the environment.  Consequently, exposure can occur through 
ingestion, inhalation, and even dermal contact with contaminated air (Weschler et al., 2015). 
Interestingly, diet is presumed to be the main source of exposure to some phthalates due 
to environmental contamination during production, processing, and packaging (Heudorf et al., 
2007; Lyche et al., 2009).  Moreover, fatty foods such as oils, dairy, meat, and fish contain the 
highest level of phthalates, which is of concern as calorically dense and high-fat foods are readily 
available in the developed world (Andersen, 2000).  Also, given that phthalates and high-fat diets 
can separately increase oxidative stress and inflammation (Kasahara et al., 2002; White et al., 
2009b), it is important to study them together to examine the potential for interactive effects. 
Aside from the oxidative stress and inflammatory effects, phthalates can have anti-
androgenic, estrogenic, and anti-estrogenic activity (Takeuchi et al., 2005) as well as the ability 
to suppress the synthesis of steroidogenic enzymes (Kim et al., 2004; David, 2006).  Moreover, 
phthalates can have such wide-ranging effects as suppressing calcium signaling in nicotinic 
receptors (Liu et al., 2009), weakly antagonizing cannabinoid receptors (Bisset et al., 2011), and 
interfering with thyroid (Boas et al., 2012), IGF-1 (Boas et al., 2010), and insulin signaling 
(Huang et al., 2014; Smerieri et al., 2015).   
Phthalates readily cross the placenta (Mose et al., 2007), which makes the gestational 
period a particularly vulnerable window for these endocrine- and metabolic-disrupting effects.  
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Additionally, considering that hormones influence the development of the brain, it is not 
surprising that there are studies associating concentrations of urinary phthalate metabolites 
during pregnancy with adverse outcomes in children’s social (Miodovnik et al., 2011; Ejaredar et 
al., 2015) and executive function (Engel et al., 2010; Kobrosly et al., 2014; Lien et al., 2015).   
Likewise in rodents, perinatal exposure to a single phthalate (DEHP, DiBP or DEP) has 
been shown to affect cognitive behavior (Hoshi and Ohtsuka, 2009; Li et al., 2009; Li et al., 
2010; Boberg et al., 2011; Carbone et al., 2013; Wang et al., 2014; Dai et al., 2015; Xu et al., 
2015).  However, much less is known about the effect of phthalates on maternal and social 
behaviors in rodents.  This is particularly important considering that maternal care is known to 
have a long-term impact on the offspring’s behavior (Caldji et al., 1998) including social 
behaviors (Parent and Meaney, 2008), and may mediate the observed behavioral effects of 
perinatal phthalate exposure in offspring. 
To date, di-(2-ethylhexyl) phthalate (DEHP) is the most frequently studied phthalate.  
One study using mice has explored the effects of perinatal exposure to DEHP on these behaviors 
and found no differences in maternal care but in both males and females, the higher doses 
generally affected social interactions in juvenile mice (Quinnies et al., 2017).  These findings 
suggest that perinatal exposure to DEHP can affect social behaviors independent of maternal 
behavior.  However, humans are exposed to a variety of phthalates as well as what is often a 
high-fat diet, which is independently known to influence maternal behaviors (Bertino, 1982; 
Purcell et al., 2011), as well as periadolescent social behaviors in rodents (Hehar et al., 2016). 
Therefore, the purpose of this study is to examine the effects of a high-fat diet and an 
environmentally relevant mixture of phthalates using a rat model of human prenatal exposure.  
Since the prenatal period through postnatal day (P)10 in rats roughly corresponds to prenatal 
brain development in humans, exposure of the dams occurred at this time.  Maternal behavior 
was assessed during this time, and later social play was quantified during the periadolescent 
period.  Unlike mice (Pellis and Pasztor, 1999), rats are known for their extensive engagement in 
social play, which is well-characterized and a standard model for studying neurodevelopment 
disorders (Blake and McCoy, 2015).   Furthermore, social play is observed more frequently in 
males (Olioff and Stewart, 1978), affected by perinatal hormone exposure (Meaney et al., 1983), 
and known to peak during periadolescence (Panksepp, 1981).  At the end of the phthalate and 
diet exposure, the medial prefrontal cortex (mPFC), an area of the cortex that is involved in both 
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cognitive and social behaviors, was assayed for oxidative stress proteins and the expression of 
genes related to oxidative stress, inflammation, apoptosis, social behaviors, endocrine receptors, 
and steroid synthesis.  To our knowledge, no studies have investigated the effects of early 
metabolic programming from a HFD on the gene expression of steroidogenic enzymes and 
hormone receptors in the mPFC.  The expression of genes related to social behaviors was also 
examined in the hypothalamus.  Both the mPFC and hypothalamus are known to be sensitive to 
endocrine disruptors (Lee et al., 2006; Sadowski et al., 2014; Gao et al., 2017). 
2.2 Materials & Methods 
2.2.1 Gestational & Developmental Indices 
The amount of food eaten was recorded to compare the caloric intake between the groups 
from GD0 to P10.  Additionally, body weight of the dams and pups, as well as the size and sex 
ratio of the litters were documented.  However, on the day of birth, designated as P0, the litters 
were not perturbed, and thus the body weight, number, anogenital distance, and sex of the pups 
were not determined until P1.  An anogenital index was also calculated in two ways, either by 
dividing anogenital distance by body weight or by using body weight as a covariate.  After 
measurements were taken on P1, each litter was culled to 10 pups to control for litter size and 
sex ratio.  In addition to the measurements collected on P1, pup body weight was also recorded 
on P10, 25, and 90.  Furthermore, the day of pubertal onset for each pup was determined by 
peripheral markers (i.e. preputial separation in males and vaginal opening in females).  All the 
developmental measurements within a sex of a specific litter were averaged to avoid 
overrepresentation of any given litter. 
2.2.2 Maternal Behavior 
From P3-P10, dams and their litters were observed under red light at the start of the dark 
cycle when they are most active.  The observer was blind to exposure group and recorded an 
observation every 3 min for a total of 30 observations per day.  The maternal behavior categories 
were nursing, licking pups, nest reorganization (i.e. retrieving pups, nest building), and away 
from the nest (i.e. laying down, eating, self-grooming, etc.).  Note, behavioral categories were 
not mutually exclusive, such that licking often coincided with nursing.  When these behaviors 
occurred simultaneously, they were recorded in both behavioral categories.  Maternal care was 
collectively defined by any nursing, licking, retrieving, and nest reorganizing behaviors. 
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2.2.3 Gene Expression 
When adequate pairs were available, one male and female from each litter were collected 
at P10 within hours after the last exposure for tissue collection intended for analyses of gene 
expression and oxidative stress markers.  Depending on availability, a male and female from 
each litter were also collected at P90 for tissue collection intended for gene expression analysis.  
Rats were anesthetized using CO2 and immediately decapitated.  Brains were quickly removed 
with the mPFC and hypothalamus separated and snap frozen in liquid nitrogen prior to storing in 
a -80 centigrade freezer where they remained until further analyses. 
The mPFC was conservatively dissected from the rostral start of frontal white matter to 
the caudal end in which the genu corpus callosum appears.  The dorsal and ventral borders of the 
mPFC were conservatively delineated in reference to the underlying white matter (see Van De 
Werd and Uylings, 2014).  The hypothalamus was dissected as the area surrounding the third 
ventricle that contains the paraventricular nucleus. 
Total RNA was isolated using TRI reagent (Sigma, St. Louis, MO, USA) followed by 
Direct-zol™ RNA MiniPrep according to the manufacturer’s instructions.  Reverse transcription 
was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).  
Quantitative Real-Time polymerase chain reaction (QRT-PCR) was performed using the 
StepOnePlus™ RT-PCR System with Power SYBR® Green PCR Master Mix and the respective 
forward and reverse primer for each gene (Table 4), which were designed by Vector NTI 
software (Invitrogen Corporation) and synthesized by Integrated DNA Technologies 
(www.idtdna.com).   
Standard curves with amplification efficiencies between 90 and 110% and R2≥ 0.99 were 
accepted.  The housekeeping gene 60S ribosomal protein (RpL7a) was used to normalize the 
gene expression data.  Genes related to social behaviors (Avp, Avpr1a, Avpr1b, CD38, Oxt, 
OxtR), endocrine receptors (Ahr, Ar, Esr1, Esr2, Esrrg, Thra), steroid synthesis (Cyp11a1, 
Cyp19a1, Ldlr, StAR), oxidative stress (Cat, Sod1, Sod2, Sod3, Glrx) inflammation (Ifng, Il1b, 
Il6, Tnf), apoptosis (Bad, Bcl2, Casp3), and dopamine receptors (Drd1, Drd2) were investigated 
(see Table 4).  The expression of the 6 genes related to social behaviors was examined in the 
hypothalamic tissue and all of the genes, except for Avp and Oxt, (i.e. 28) were examined in the 
mPFC.  There was an average n of 6-9 pups within each group for analyses of each gene at either 
P10 or P90. 
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Table 4 – Genes of interest and their primers 
Gene Common Name Position Primers (5' → 3') Efficiency 
Ahr Aryl Hydrocarbon Receptor Forward +582 CACAAGGAGTAGACGAGA 95.07% 
Reverse +661 GGTATTCTCTGGAGGAAG 
Ar Androgen Receptor Forward +2508 GAAATGGGACCTTGGATGGAGA 100.01% 
Reverse +2585 TAAAACGTGGTCCCTGGTACTGTC 
Avp Vasopressin Forward +31 TGATGCTCAACACTACGCTC 105.69% 
Reverse +111 TTGGGCAGTTCTGGAAGTAG 
Avpr1a Arginine Vasopressin Receptor 1A Forward +1092 TTACACCTTGTGTCAGCAGCGTGA 98.73% 
Reverse +1160 CAAAGGTCATCTTCACAGTGCGGA 
Avpr1b Arginine Vasopressin Receptor 1B Forward + 1521 TGGTAGAATCTTCATTGGGGGC 99.85% 
Reverse + 1588 TGTAAGGCAGGGGCTGAGGAAGT 
Bad BCL2 Associated Agonist of Cell Death Forward +108 GAGACCAGCAGCCCAGAGTATGTTC 103.15% 
Reverse +168 GTCTTCCTGCTCACTCGGCTCAA 
Bcl2 B-Cell CLL/Lymphoma 2 Forward +708 AGCGTCAACAGGGAGATGTCACC 99.81% 
Reverse +770 CAGGTACTCAGTCATCCACAGAGCG 
Casp3 Caspase 3 Forward +448 ACGGACCTGTGGACCTGAAAAAA 98.49% 
Reverse +529 AAGAGTTTCGGCTTTCCAGTCAGAC 
Cat Catalase Forward +220 TTGACAGAGAGCGGATTCCTGAGA 105.06% 
Reverse +297 CGTGGGTGACCTCAAAGTATCCAA 
Cd38 CD38 Forward +188 CACTTCGCTGACATCATC 105.09% 
Reverse +263 AGTCCTGATCTCTCATCTCC 
Cyp11a1 Cytochrome P450 Family 11 Subfamily A 
Member 1 
Forward +164 AATGAGATCCCTTCCCCTGGTG 99.40% 
Reverse +239 TTCTGTGTGTGCCGTTCTCCCT 
Cyp19a1 Aromatase Forward +430 GAGACACATCATGCTGGACACTTC 103.79% 
Reverse +496 AATAGAACTTTCGTCCAGGGGG 
Drd1 Dopamine Receptor 1 Forward +333 GGGTCCTTTTGTAACATCTGG 101.36% 
Reverse +407 GATCACGCAGAGGTTCAGAAT 
Drd2 Dopamine Receptor 2 Forward +1128 AGTTTCCCAGTGAACAGG 98.22% 
Reverse +1202 GCTTGACAGCATCTCCAT 
Esr1 Estrogen Receptor Alpha Forward +664 CCGCCTTCTACAGGTCCAATTC 106.73% 
Reverse +736 TTCTCGCTGCTGCTGGAGAG 
Esr2 Estrogen Receptor Beta Forward +1172 CTCACTAAGCTGGCGGACAAG 93.01% 
Reverse +1241 CCACAAAGCCAGGGATTTTC 
Esrrg Estrogen-Related Receptor Gamma Forward +1030 GGTGGTTATCATTGGATGG 103.81% 
Reverse +1107 TGGAGAAGGCTCATCTGAT 
Glrx Glutaredoxin Forward +262 CGGAGCAAGAACAGTTCCTCGG 97.80% 
Reverse +331 GGAGAGTAGATCACTGCATCCGCC 
Ifng Interferon Gamma Forward +116 CTCAAGTAGCATGGATGCTATGGA 96.64% 
Reverse +182 CTTTTGCCAGTTCCTCCAGATATC 
Il1b Interleukin 1 Beta Forward +793 CACCTCTCAAGCAGAGCACAG 95.15% 
Reverse +871 GGGTTCCATGGTGAAGTCAAC 
Il6 Interleukin 6 Forward +559 TCCTACCCCAACTTCCAATGCTC 98.82% 
Reverse +637 TTGGATGGTCTTGGTCCTTAGCC 
Ldlr Low Density Lipoprotein Receptor Forward +823 CAAGGACAAGTCGGACGAGGAGA 108.87% 
Reverse +909 CCGTGAATACAGGAGCCATCTGC 
Oxt Oxytocin Forward +7 ACGGTGGATCTCGGACTGAACA 99.60% 
Reverse +70 CAAGCAGGCAGCAAGCAAGACT 
Oxtr Oxytocin Receptor Forward +886 TGCTGGACACCTTTCTTCTTCGTG 100.78% 
Reverse +970 TGGCAATGATGAAGGCAGAAGC 
25 
 
Table 4 (cont.) 
Rpl7a Ribosomal Protein L7a Forward +64 GAGGCCAAAAAGGTGGTCAATCC 99.33% 
Reverse +127 CCTGCCCAATGCCGAAGTTCT 
Sod1 Superoxide Dismutase 1 Forward +239 CAGCGGATGAAGAGAGGCA 104.24% 
Reverse +310 ACACATTGGCCACACCGTC 
Sod2 Superoxide Dismutase 2 Forward +738 GTTTGCAAGAAGTGAAGC 106.66% 
Reverse +801 ACTACAAAACACCCACCA 
Sod3 Superoxide Dismutase 3 Forward +37 CAGAGGCTCTTTCTCAGG 103.60% 
Reverse +125 GTTCCACACCTGACAAGC 
Star Steroidogenic Acute Regulatory Protein Forward +358 GGAAGAAGGAAAGCCAGCAGG 97.53% 
Reverse +434 TCGGAACACCTTGCCCACA 
Thra Thyroid Hormone Receptor Alpha Forward +490 ATCACTACCGCTGTATCACTTG 108.64% 
Reverse +559 TGGAGGTTCTTCTGGATTGT 
Tnf Tumor Necrosis Factor Forward +364 GCCCAGACCCTCACACTCAGAT 107.46% 
Reverse +439 GGTTTGCTACGACGTGGGCT 
Table 4.  Primers used for qPCR of mPFC and hypothalamic tissue samples from juvenile (P10) and adult (P90) 
male and female rats. 
2.2.4 Oxidative Stress Markers  
Using a colorimetric oxidative stress ELISA strip (Signosis, EA-1501), we tested (total n 
= 89; n = 6-10/group) for 8 cytokines that are known to increase in response to oxidative stress: 
tumor necrosis factor (TNF)α, transforming growth factor (TGF)β, monocyte chemotactic 
protein (MCP)-1, interleukin (IL)-1α, IL-1β, IL-6, IL-15, and vascular endothelial growth factor 
(VEGF).  
In accordance with the protocol from Signosis, Inc. (Santa Clara, CA), samples were 
introduced to 1X cell lysis buffer (Signosis, EA-0001), homogenized, and centrifuged to collect 
the supernatant.  Using a NanoDrop fluorospectrometer (Thermo Scientific) protein 
concentrations were determined and appropriately diluted with diluent buffer to a final 
concentration of 50 µg/100 µL per well.  A total of sixteen 96-well plates were incubated with 
samples in duplicates for 16-17 hours, a biotin-labeled antibody for 3 hours, streptavidin-HRP 
for 45 min, and substrate for 30 min all with gentle shaking prior to being stopped with stop 
solution.  Between incubation periods, each well was aspirated and washed thrice with 200 µL of 
1X Assay wash buffer.  The optical density of each well was read at 450nm with a microplate 
reader and its associated Gen5 software (BioTek Instruments).  The duplicates were averaged 
and all values were represented as percent change from vehicle-exposed CON rats for each sex.     
2.2.5 Periadolescent Social Behavior  
For all remaining pups, social play behavior was observed before the start of the dark 
cycle for four consecutive days between P32 and 40, which is an age period characterized by the 
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highest levels of social play (Panksepp, 1981).  Each day, the periadolescent pups were isolated 
in cages in a separate room for one hour prior to the 20 min observation session to increase 
motivation to play.  For the daily observations, periadolescent pups were paired with another rat 
from a different litter of the same age, sex, exposure, and diet.  The same pairings occurred 
across the four consecutive days, and each pair was designated to a litter prior to observations.  
For each pair, a behavioral observation was made at every one min for a total of 20 min by the 
observer, who was blind to the exposure group.  Given that there were a varying number of 
pairings for each sex within a litter across litters, the pairings of each sex within a specific litter 
were averaged to avoid overrepresentation of any given litter.  The behavioral categories 
observed were wrestling, sniffing, chasing, alone (i.e. no contact), and in contact (i.e. “passive 
contact behavior” as they were in contact but sniffing elsewhere or laying down next to each 
other).  Active social behaviors were defined as social play, which was the sum of wrestling, 
sniffing, and chasing behaviors.  Additionally, because maternal nursing and licking are known 
to have a long-term impact on the offspring’s behavior (Parent and Meaney, 2008), correlations 
between these maternal behaviors and social play were run. 
2.2.6 Statistical analyses 
All analyses were performed using SPSS and included a 2-way (diet x exposure) 
ANOVA with cohort as a cofactor, except for oxidative stress markers where the plate was used 
as a cofactor in lieu of cohort.  Each sex was analyzed separately because we expected that the 
sexes would react differently to the endocrine-disrupting properties of the phthalate mixture.  
Additionally, a covariate (litter size) was used in the gestational weight gain measurement.  
Furthermore, litter was the experimental unit for all the developmental and social behavior 
measurements within a sex (i.e. each measurement from a given sex within a litter was 
averaged).  Post hoc tests were performed using Bonferroni comparisons with each exposure 
dose (200 and 1000 µg/kg) only compared to the vehicle-exposed (0 µg/kg) group and 
additionally for significant interactions, within each diet group.  Additionally, another post hoc 
test was performed for significant interactions using Bonferroni comparisons to assess diet 
effects within each exposure group.  Bivariate correlations with two-tailed tests of significance 






Almost all dams reached parturition on GD22, with two giving birth on GD21 and one on 
GD23.  For the average daily caloric intake, there was a main effect of diet [F(1, 50) = 5.089, p = 
0.028] indicating that the HFD group consumed more daily calories than the CON group (Fig. 
3.A).  Accordingly, there was a main effect of diet [F(1, 50) = 5.200, p = 0.027] on gestational 
weight gain with HFD dams gaining more gestational weight than CON dams, even when 
controlling for litter size (Fig. 3.B). 
 
Figure 3.  (A) Daily caloric intake from GD0 through P10 and (B) the gestational weight gain.  HFD dams 
consumed more daily calories and gained more weight during gestation in comparison to CON dams. 
2.3.2 Litter 
There were no significant effects or interactions with litter size (Fig. 4.A); however, there 
was a trend for phthalate-exposed litters to be larger than control litters [F(2, 51) = 3.081, p = 
0.055] and a trend for an interaction [F(2, 51) = 2.723, p = 0.075].  Furthermore, there were no 
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significant effects or interactions with sex ratio of the litter (Fig. 4.B).
 
Figure 4.  (A) Litter size and (B) sex ratio of pups on P1.  There were no significant effects of diet or phthalate 
exposure on litter size or sex ratio. 
2.3.3 Effects in offspring 
In the pups, there were no significant effects or interactions in body weight, anogenital 
distance, or anogenital index at P1.  However, at P10, there was a main effect of diet on body 
weight in both males [F(1, 50) = 18.632, p < 0.001] and females [F(1, 50) = 15.337, p < 0.001] 
indicating that HFD pups weighed more at P10 than CON pups. Although not significant at P25, 
there was a trend in the same direction for both males [F(1, 50) = 3.856, p = 0.055] and females 
[F(1, 50) = 3.237, p = 0.078], and at P90, the effect of diet reappeared only in males [F(1, 50) = 
5.001, p = 0.030]. 
There was an exposure effect on body weight found only in males at P10 [F(2, 50) = 
5.438, p = 0.007] that persisted to P25 [F(2, 50) = 4.672, p = 0.014] indicating that phthalate-
exposed males at either dose had lower body weights at P10 (p = 0.024, p = 0.008) and P25 (p = 
0.046, p = 0.012) compared to control males.  Lastly, at P90 in females, there was a trend for a 
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diet by exposure interaction [F(2, 50) = 2.832, p = 0.068] (Fig. 5). 
 
Figure 5.  Male pup body weights at (A) P10, (B) P25, and (C) P90.  Phthalate-exposed males had lower 
prepubertal body weights.  Furthermore, a perinatal high-fat diet tended to result in higher body weights that 
persisted into adulthood).  Female pup body weights at (D) P10, (E) P25, and (F) P90.  A perinatal high-fat diet 
increased female pup body weight at P10 and only marginally at P25. 
Analysis of age at pubertal onset in males resulted in a significant exposure effect [F(2, 
50) = 3.252, p = 0.047] and a significant exposure by diet interaction [F(2, 50) = 3.196, p = 
0.049]; however, post hocs revealed no significant findings.  In females, there was a significant 
exposure by diet interaction [F(2, 50) = 4.705, p = 0.013] that revealed a diet effect within the 
1000 µg phthalates/kg exposed females (p = 0.037), such that a perinatal high-fat diet delayed 





Figure 6.  Pubertal onset in males (left) and females (right).  In males, there was a significant exposure effect and a 
significant exposure by diet interaction, and in females, there was a significant exposure by diet interaction. 
2.3.4 Maternal Behavior 
Overall, there was a main effect of diet in maternal care behavior [F(1, 50) = 7.536, p = 
0.008] indicating that HFD dams spent more time caring for their pups compared to CON dams 
(Fig. 7).  This is attributed to HFD dams spending more time licking [F(1, 50) = 19.869, p < 
0.001], nursing [F(1, 50) = 5.645, p = 0.021], and, to a lesser extent, reorganizing nests [F(1, 50) 
= 4.882, p = 0.032] compared to CON dams.  In concordance with a HFD resulting in better 
maternal care, the HFD dams spent less time away from the nest compared to CON dams [F(1, 
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50) = 7.536, p = 0.008]. 
 
Figure 7.  Maternal behavior observations.  Dams fed a high-fat diet (HFD) spent less time away from the nest and 
therefore cared more for their pups compared to those fed a control (CON) diet.  This was seen in HFD dams 
spending more time licking, nursing, and reorganizing nests in comparison to CON dams.  Note, when licking and 
nursing behaviors occurred simultaneously, they were recorded in both behavioral categories. 
2.3.5 Periadolescent Social Behavior 
In males, there was a main effect of exposure in social play [F(2, 50) = 3.323, p = 0.044], 
such that Bonferroni comparisons revealed that the 200 µg phthalates/kg males had a close to 
significant decrease in social play compared to control males (p = 0.051) (Fig. 8.A).  This 
decrease in social play was offset by the exposure effect in passive contact behavior [F(2, 50) = 
3.287, p = 0.046], with the 200 µg phthalates/kg males displaying more passive contact behavior 
than control males (p = 0.027).  There were no significant effects or interactions in alone 
behavior.  Diet showed a trend for social play [F(1, 50) = 3.485, p = 0.068] in which HFD males 
appeared to show more social play than CON males. 
Likewise in females, there was a weak trend for a exposure effect in social play [F(2, 50) 
= 2.434, p = 0.098] that appeared in the same pattern as the significant difference in males (Fig. 
8.B).  There was a main effect of exposure in alone behavior [F(2, 50) = 3.322, p = 0.044], such 
that the 200 µg phthalates/kg females demonstrated more alone behavior than control females (p 
= 0.043).  However, this effect was driven by the HFD females as there was a significant 
exposure by diet interaction [F(2, 50) = 3.353, p = 0.043] revealing that, within HFD females, 
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the 200 µg phthalates/kg group demonstrated more alone behavior than control females (p = 
0.004).  This also resulted in a significant diet effect within the 200 µg phthalates/kg exposed 
females (p = 0.049), such that a perinatal high-fat diet increased withdrawn behaviors compared 
to control diet within the relatively low phthalate-exposed females.  There were no significant 
effects or interactions in passive contact behavior.
 
Figure 8.  Periadolescent social play behavior in (A) males and (B) females.  Males that were perinatally exposed to 
the relatively low concentration of the phthalate mixture had a near to significant tendency to engage in less social 
play (p = 0.051).  Females showed a very similar pattern in social play as males in response to phthalate exposure, 
although it was only a trend.  However, the relatively low phthalate-exposed females exposed to a perinatal HFD 
displayed more withdrawn behaviors during social play (p = 0.004). 
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In separate analyses of males and females, maternal licking was significantly correlated 
with social play (R = 0.258, p = 0.047; R = 0.351, p = 0.006, respectively), such that pups with 
mothers that licked more engaged in more social play during adolescence.  Additionally, in 
females only, maternal nursing was significantly correlated with social play (R = 0.259, p = 
0.046) so that increased time nursing correlated with more social play during adolescence (see 
Table 5).   
Table 5 
Maternal Behavior Category Males Females 
Licking 
R = 0.258, 
p = 0.047* 
R = 0.351, 
p = 0.006* 
Nursing 
R = 0.222, 
p = 0.089 
R = 0.259, 
p = 0.046* 
Table 5.  Correlations (Pearson’s coefficient (R), p value) between periadolescent social play and select maternal 
behaviors in both male and female rats (n = 60/sex, *p < 0.05). 
2.3.6 Gene Expression 
Overall, there were no systematic effects on gene expression within the classes of genes 
examined in the mPFC or hypothalamus of either males (Tables 6 & 7, respectively) or females 
(Tables 8 & 9, respectively) at P10 or 90, except for a diet effect that was observed in the mPFC 
of P90 males across the estrogen receptors (Esr1, Esr2, and Esrrg).  Of the 28 genes examined in 
the mPFC and 6 in the hypothalamus, only 3 genes at P10 in males and 3 in females were 
statistically significant between groups with independent tests. At P90, only 5 genes in males and 
3 in females were statistically significant between relevant groups with independent tests. 
In males at P10, there were significant diet effects in LDLr (low density lipoprotein 
receptor) [F(1, 34) = 4.133, p = 0.050], Cat (catalase) [F(1, 34) = 5.747, p = 0.022], and Drd2 
(dopamine receptor 2) [F(1, 31) = 4.684, p = 0.038] expression within the mPFC, such that a 
perinatal HFD increased the expression of these genes.  There was also a significant exposure 
effect in Drd2 [F(2, 31) = 4.183, p = 0.025] expression within the mPFC, such that the relatively 
high phthalate-exposed males had a greater gene expression of Drd2 than vehicle-exposed males 
(p = 0.014).  There were no significant effects in gene expression within the hypothalamus of 
males at P10 or P90. 
In the male mPFC at P90, there was a significant diet by exposure interaction in Ar 
(androgen receptor) expression [F(2, 33) = 5.989, p = 0.006], such that within the vehicle-
exposed males, a perinatal HFD, compared to CON, lowered Ar expression (p = 0.005).  
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Additionally, within the CON males, the relatively high phthalate-exposed males had lower Ar 
expression than vehicle-exposed males (p = 0.010).  At P90, there were also diet effects in Esr1 
(estrogen receptor alpha) [F(1, 33) = 12.120, p = 0.001], Esr2 (estrogen receptor beta) [F(1, 31) 
= 4.341, p = 0.046], and Esrrg (estrogen-related receptor gamma) [F(1, 32) = 6.443, p = 0.016], 
such that the perinatal HFD group had lower expressions of these receptors in comparison to the 
CON groups.  There were significant exposure effects in the expression of Essrg [F(2, 32) = 
3.795, p = 0.033] and Thra (thyroid hormone receptor alpha) [F(2, 33) = 3.933, p = 0.030], but 
nothing was significant with further analysis.  There was also a significant exposure effect in 
Sod3 (superoxide dismutase 3) expression [F(2, 33) = 3.946, p = 0.029], which revealed that the 
relatively high phthalate-exposed males had lower Sod3 expression than vehicle-exposed males 
(p = 0.096). 
Table 6 – P10 (top) and P90 (bottom) mPFC gene expression in males (mean ± SEM). 
Sex MALES   
Diet Control High Fat Diet 
ANOVA 
Phthalates Oil 200 1000 Oil 200 1000 
Endocrine System 
     
Ldlr 0.94 ± 0.13 
1.57 ± 0.15 
0.90 ± 0.14 
1.32 ± 0.14 
0.95 ± 0.11 
1.28 ± 0.12 
1.10 ± 0.12 
1.17 ± 0.13 
1.17 ± 0.12 
1.40 ± 0.17 
1.13 ± 0.12 
1.23 ± 0.15 
Diet p = 0.050 
Cyp11a1 2.25 ± 0.05 
0.39 ± 0.17 
1.10 ± 0.52 
0.41 ± 0.15 
1.72 ± 0.41 
0.35 ± 0.12 
2.32 ± 0.43 
0.56 ± 0.14 
1.22 ± 0.46 
0.36 ± 0.18 
1.61 ± 0.43 
0.37 ± 0.16 
 
Star 0.32 ± 0.05 
0.56 ± 0.31 
0.30 ± 0.05 
1.04 ± 0.27 
0.35 ± 0.04 
0.89 ± 0.22 
0.35 ± 0.05 
0.81 ± 0.24 
0.33 ± 0.05 
0.84 ± 0.32 
0.29 ± 0.05 
0.66 ± 0.28 
 
Ar 1.57 ± 0.51 
1.34 ± 0.08 
1.27 ± 0.54 
1.10 ± 0.08 
1.81 ± 0.42 
1.00 ± 0.07 
1.45 ± 0.45 
0.97 ± 0.07 
2.73 ± 0.48 
1.14 ± 0.10 
1.06 ± 0.45 
1.13 ± 0.09 
 
Trt*Diet p = 0.006 
Cyp19a1 1.51 ± 0.35 
2.08 ± 0.33 
1.81 ± 0.37 
1.83 ± 0.30 
2.10 ± 0.29 
1.27 ± 0.24 
1.58 ± 0.30 
1.88 ± 0.29 
1.98 ± 0.32 
1.47 ± 0.35 
1.37 ± 0.30 
1.44 ± 0.31 
 
Esr1 0.84 ± 0.14 
1.72 ± 0.16 
0.80 ± 0.14 
1.57 ± 0.14 
0.75 ± 0.11 
1.30 ± 0.12 
0. 87 ± 0.11 
1.02 ± 0.14 
0. 58 ± 0.12 
1.11 ± 0.18 
1.08 ± 0.11 
1.18 ± 0.16 
 
Diet p = 0.001 
Esr2 2.82 ± 0.53 
1.77 ± 0.20 
2.82 ± 0.56 
1.20 ± 0.20 
4.13 ± 0.43 
1.22 ± 0.17 
3.29 ± 0.46 
0.90 ± 0.17 
3.48 ± 0.50 
1.20 ± 0.23 
3.28 ± 0.45 
1.08 ± 0.20 
 
Diet p = 0.046 
Esrrg 1.62 ± 0.27 
1.29 ± 0.14 
1.63 ± 0.28 
1.52 ± 0.12 
1.87 ± 0.22 
1.10 ± 0.10 
1.70 ± 0.23 
1.01 ± 0.11 
2.32 ± 0.25 
1.18 ± 0.15 
1.69 ± 0.25 
0.92 ± 0.13 
 
Trt p = 0.033; Diet p = 
0.016 
Cd38 1.17 ± 0.09 
1.33 ± 0.12 
1.15 ± 0.10 
1.11 ± 0.11 
1.19 ± 0.08 
1.00 ± 0.10 
1.20 ± 0.08 
1.00 ± 0.11 
1.14 ± 0.09 
1.22 ± 0.14 
1.18 ±0.08 
1.17 ± 0.14 
 
Oxtr 3.02 ± 0.63 
1.28 ± 0.22 
3.00 ± 0.75 
1.59 ± 0.22 
3.49 ± 0.52 
1.09 ± 0.19 
2.68 ± 0.65 
0.77 ± 0.21 
1.87 ± 0.58 
1.29 ± 0.26 
3.27 ± 0.54 
1.14 ± 0.23 
 
Avpr1a 0.19 ± 0.03 
1.16 ± 0.17 
0.22 ± 0.03 
0.98 ± 0.17 
0.20 ± 0.02 
0.98 ± 0.13 
0.18 ± 0.02 
0.90 ± 0.15 
0.17 ± 0.02 
0.96 ± 0.20 
0.24 ± 0.02 
0.93 ± 0.17 
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Table 6 (cont.) 
Avpr1b 1.72 ± 0.25 
1.44 ± 0.34 
1.13 ± 0.29 
1.03 ± 0.29 
1.26 ± 0.21 
0.75 ± 0.24 
1.67 ± 0.22 
0.75 ± 0.24 
1.39 ± 0.25 
1.21 ± 0.31 
1.03 ± 0.22 
1.12 ± 0.31 
 
Thra 1.98 ± 0.19 
1.79 ± 0.15 
2.22 ± 0.20 
1.69 ± 0.15 
1.97 ± 0.16 
1.32 ± 0.12 
2.11 ± 0.17 
1.35 ± 0.13 
2.08 ± 0.17 
1.75 ± 0.17 
2.38 ± 0.16 
1.35 ± 0.15 
  
Trt p = 0.030 
Defense System  
  
Ahr 0.44 ± 0.16 
0.77 ± 0.14 
0.61 ± 0.16 
0.80 ± 0.13 
0.45 ± 0.13 
0.78 ± 0.10 
0.57 ± 0.13 
0.70 ± 0.11 
0.37 ± 0.14 
0.76 ± 0.15 
0.60 ± 0.13 
0.69 ± 0.13 
 
Cat 0.26 ± 0.02 
1.37 ± 0.11 
0.25 ± 0.03 
1.19 ± 0.10 
0.23 ± 0.02 
1.12 ± 0.08 
0.27 ± 0.02 
1.11 ± 0.09 
0.30 ± 0.02 
1.33 ± 0.11 
0.30 ± 0.02 
1.17 ± 0.10 
Diet p = 0.022 
Glrx 1.64 ± 0.14 
1.64 ± 0.19 
1.89 ± 0.15 
1.53 ± 0.17 
1.54 ± 0.12 
1.31 ± 0.13 
1.58 ± 0.12 
1.26 ± 0.15 
1.48 ± 0.13 
1.59 ± 0.19 
1.61 ± 0.12 
1.04 ± 0.17 
 
Sod1 1.60 ± 0.19 
1.36 ± 0.12 
1.52 ± 0.20 
1.20 ± 0.11 
1.69 ± 0.16 
1.21 ± 0.10 
1.40 ± 0.17 
1.10 ± 0.11 
1.81 ± 0.20 
1.38 ± 0.14 
1.88 ± 0.17 
1.42 ± 0.12 
 
Sod2 1.83 ± 0.29 
1.00 ± 0.12 
1.72 ± 0.30 
1.28 ± 0.11 
2.08 ± 0.26 
0.98 ± 0.09 
2.06 ± 0.23 
0.86 ± 0.10 
1.97 ± 0.30 
0.98 ± 0.13 
2.10 ± 0.24 
0.89 ± 0.12 
 
Sod3 1.76 ± 0.54 
2.31 ± 0.25 
1.73 ± 0.57 
2.09 ± 0.23 
2.15 ± 0.44 
1.50 ± 0.20 
1.59 ± 0.47 
1.62 ± 0.22 
2.65 ± 0.55 
2.14 ± 0.29 
1.46 ± 0.47 
1.49 ± 0.26 
 
Trt p = 0.029 
Inflammation            
Ifng 1.04 ± 0.29 
0.46 ± 0.22 
1.22 ± 0.28 
0.47 ± 0.19 
1.13 ± 0.23 
0.65 ± 0.15 
1.32 ± 0.25 
0.11 ± 0.19 
0.81 ± 0.26 
0.39 ± 0.25 
1.01 ± 0.27 
0.25 ± 0.20 
 
Il1b 0.37 ± 0.09 
1.56 ± 0.70 
0.20 ± 0.10 
2.84 ± 0.55 
0.36 ± 0.08 
3.18 ± 0.48 
0.27 ± 0.08 
2.53 ± 0.47 
0.25 ± 0.08 
2.09 ± 0.64 
0.20 ± 0.08 
2.14 ± 0.56 
 
Il6 1.23 ± 0.70 
0.76 ± 0.09 
2.20 ± 0.69 
0.66 ± 0.08 
2.57 ± 0.53 
0.68 ± 0.07 
1.86 ± 0.57 
0.60 ± 0.07 
2.95 ± 0.60 
0.56 ± 0.10 
1.23 ± 0.60 
0.64 ± 0.09 
 
Tnf 1.20 ± 0.16 
0.32 ± 0.19 
1.23 ± 0.17 
0.62 ± 0.17 
1.30 ± 0.13 
0.76 ± 0.16 
1.48 ± 0.14 
0.85 ± 0.15 
1.39 ± 0.15 
0.81 ± 0.22 
1.25 ± 0.14 
0.61 ± 0.18 
 
Apoptosis 
   
 
Bad 1.38 ± 0.11 
1.60 ± 0.15 
1.39 ± 0.11 
1.40 ± 0.13 
1.37 ± 0.09 
1.45 ± 0.10 
1.33 ± 0.09 
1.02 ± 0.11 
1.36 ± 0.10 
1.46 ± 0.15 
1.49 ± 0.09 
1.34 ± 0.13 
 
Bcl2 1.49 ± 0.24 
1.83 ± 0.24 
1.28 ± 0.26 
1.34 ± 0.19 
1.50 ± 0.20 
1.31 ± 0.15 
1.32 ± 0.21 
1.02 ± 0.19 
1.59 ± 0.25 
1.36 ± 0.22 
1.29 ± 0.21 
1.13 ± 0.20 
 
Casp3 1.36 ± 0.18 
1.46 ± 0.15 
1.24 ± 0.19 
1.36 ± 0.14 
1.26 ± 0.15 
1.18 ± 0.11 
1.33 ± 0.16 
1.11 ± 0.12 
1.17 ± 0.17 
1.45 ± 0.16 
1.60 ± 0.16 
1.16 ± 0.14 
 
Dopamine Receptors       
Drd1 1.13 ± 0.28 
1.15 ± 0.18 
1.44 ± 0.29 
1.38 ± 0.15 
1.53 ± 0.23 
1.15 ± 0.13 
0.96 ± 0.26 
1.25 ± 0.14 
1.54 ± 0.31 
1.28 ± 0.19 
1.53 ± 0.24 
1.01 ± 0.19 
 
 Drd2 0.66 ± 0.30 
0.79 ± 0.28 
0.81 ± 0.32 
1.18 ± 0.23 
1.43 ± 0.25 
0.94 ± 0.20 
0.92 ± 0.28 
0.79 ± 0.22 
1.76 ± 0.30 
0.84 ± 0.29 
1.72 ± 0.28 
0.91 ± 0.26 
Trt p = 0.025; Diet p = 
0.038 
Table 6.  P10 (top) and P90 (bottom) mPFC gene expression in males (mean ± SEM).  Data are expressed as the 
ratio to L7a. 
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Table 7 – P10 (top) and P90 (bottom) hypothalamic gene expression in males (mean ± SEM). 
Sex MALES   
Diet Control High Fat Diet 
ANOVA 
Phthalates Oil 200 1000 Oil 200 1000 
Endocrine System      
Avp 0.38 ± 0.19 
0.84 ± 0.21 
0.25 ± 0.16 
0.72 ± 0.21 
0.49 ± 0.14 
1.23 ± 0.17 
0.31 ± 0.16 
1.19 ± 0.17 
0.78 ± 0.16 
1.16 ± 0.21 
0.42 ± 0.16 
1.03 ± 0.18  
Avpr1a 1.01 ± 0.23 
1.01 ± 0.11 
0.79 ± 0.17 
0.98 ± 0.11 
0.98 ± 0.16 
0.86 ± 0.09 
1.13 ± 0.17 
0.85 ± 0.09 
0.80 ± 0.17 
0.90 ± 0.11 
1.15 ± 0.16 
0.91 ± 0.10  
Avpr1b 1.38 ± 0.27 
2.14 ± 0.39 
1.10 ± 0.23 
1.31 ± 0.40 
1.16 ± 0.23 
1.80 ± 0.32 
1.03 ± 0.23 
1.33 ± 0.36 
1.06 ± 0.27 
1.63 ± 0.45 
0.87 ± 0.21 
1.18 ± 0.34  
Cd38 0.49 ± 0.12 
1.02 ± 0.09 
0.40 ± 0.11 
1.22 ± 0.09 
0.44 ± 0.09 
1.15 ± 0.07 
0.31 ± 0.11 
1.10 ± 0.07 
0.48 ± 0.11 
1.06 ± 0.09 
0.32 ± 0.10 
1.12 ± 0.08  
Oxt 0.34 ± 0.19 
1.11 ± 0.17 
0.16 ± 0.16 
1.00 ± 0.17 
0.43 ± 0.14 
1.26 ± 0.14 
0.28 ± 0.16 
1.17 ± 0.14 
0.53 ± 0.15 
1.23 ± 0.17 
0.32 ± 0.14 
1.10 ± 0.15  
Oxtr 1.41 ± 0.22 
1.22 ± 0.31 
1.24 ± 0.19 
1.60 ± 0.32 
1.39 ± 0.16 
1.42 ± 0.26 
1.51 ± 0.19 
1.45 ± 0.26 
1.41 ± 0.18 
1.95 ± 0.35 
1.38 ± 0.17 
1.61 ± 0.27  
Table 7.  P10 (top) and P90 (bottom) hypothalamic gene expression in males (mean ± SEM).  Data are expressed as 
the ratio to L7a. 
In females at P10, there was a diet effect in IFNγ (interferon gamma) [F(1, 28) = 4.684, p 
= 0.038] expression within the mPFC, such that females perinatally exposed to CON had 
increased IFNγ gene expression.  Although there was a significant exposure effect in AVPr1b 
(arginine vasopressin receptor 1b) within the mPFC, neither phthalate dose differed from 
controls.  Within the hypothalamus, there was only a significant diet by exposure interaction in 
Oxtr (oxytocin receptor) gene expression [F(2, 32) = 5.065, p = 0.012], such that, within the 
HFD group, the relatively low phthalate-exposed females had greater Oxtr expression than 
vehicle-exposed females (p = 0.006).  There was also a significant diet effect within the 200 µg 
phthalates/kg exposed females (p = 0.013), such that a perinatal high-fat diet increased Oxtr 
expression compared to control diet within the relatively low phthalate-exposed females. 
In the female mPFC at P90, there was a significant diet effect in Oxtr expression [F(1, 
34) = 5.364, p = 0.027], such that a perinatal HFD lowered the expression of Oxtr in comparison 
to CON.  There were also significant diet by exposure interactions in the expression of Glrx 
(glutaredoxin) [F(2, 30) = 4.763, p = 0.016] and Bad (BCL2 Associated Agonist of Cell Death) 
[F(2, 29) = 3.317, p = 0.050], such that further analyses only revealed a diet effect in Glrx 
expression in vehicle-exposed females, where a perinatal HFD lowered expression in comparison 
to a HFD (p = 0.011).  In the hypothalamus at P90, there was only a diet effect on the expression 
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of Avpr1a [F(1, 33) = 6.561, p = 0.015], such that the CON group displayed higher levels of 
expression compared to a HFD. 
Table 8 – P10 (top) and P90 (bottom) mPFC gene expression in females (mean ± SEM). 
Sex FEMALES   
Diet Control High Fat Diet 
ANOVA 
Phthalates Oil 200 1000 Oil 200 1000 
Endocrine System 
     
Ldlr 0.91 ± 0.15 
1.40 ± 0.16 
0.95 ± 0.17 
1.34 ± 0.20 
1.09 ± 0.13 
1.23 ± 0.15 
1.07 ± 0.16 
1.38 ± 0.19 
0.98 ± 0.17 
1.30 ± 0.23 
1.02 ± 0.18 
1.25 ± 0.19 
 
Cyp11a1 2.50 ± 0.42 
0.39 ± 0.13 
1.66 ± 0.47 
0.47 ± 0.15 
1.85 ± 0.37 
0.39 ± 0.12 
2.15 ± 0.45 
0.73 ± 0.16 
1.00 ± 0.47 
0.36 ± 0.17 
1.43 ± 0.50 
0.44 ± 0.14 
 
Star 0.39 ± 0.07 
0.61 ± 0.09 
0.41 ± 0.08 
0.55 ± 0.12 
0.32 ± 0.07 
0.86 ± 0.09 
0.39 ± 0.08 
0.70 ± 0.11 
0.24 ± 0.08 
0.69 ± 0.13 
0.29 ± 0.09 
0.60 ± 0.12 
 
Ar 1.69 ± 0.68 
1.18 ± 0.12 
2.17 ± 0.75 
1.06 ± 0.15 
1.11 ± 0.60 
1.20 ± 0.11 
2.17 ± 0.73 
1.17 ± 0.14 
0.57 ± 0.76 
1.20 ± 0.16 
1.60 ± 0.92 
1.01 ± 0.14 
 
Cyp19a1 1.34 ± 0.29 
2.01 ± 0.32 
2.14 ± 0.32 
1.10 ± 0.37 
1.87 ± 0.25 
1.60 ± 0.30 
1.82 ± 0.31 
1.23 ± 0.38 
1.23 ± 0.32 
1.37 ± 0.41 
1.45 ± 0.34 
1.14 ± 0.34 
 
Esr1 1.16 ± 0.13 
1.23 ± 0.11 
0.88 ± 0.15 
0.93 ± 0.13 
0.95 ± 0.12 
1.15 ± 0.10 
0.80 ± 0.14 
1.22 ± 0.12 
0.99 ± 0.15 
1.17 ± 0.15 
0.78 ± 0.16 
1.03 ± 0.12 
 
Esr2 2.56 ± 0.51 
1.38 ± 0.16 
3.20 ± 0.63 
1.02 ± 0.20 
2.75 ± 0.43 
0.90 ± 0.15 
3.07 ± 0.63 
1.14 ± 0.18 
2.28 ± 0.51 
1.45 ± 0.22 
2.76 ± 0.56 
1.11 ± 0.18 
 
Esrrg 1.17 ± 0.30 
1.35 ± 0.16 
1.76 ± 0.30 
0.99 ± 0.19 
1.54 ± 0.24 
1.21 ± 0.14 
1.98 ± 0.28 
1.09 ± 0.19 
1.38 ± 0.30 
1.09 ± 0.21 
1.10 ± 0.35 
1.03 ± 0.17 
 
Cd38 1.40 ± 0.16 
1.24 ± 0.12 
1.07 ± 0.17 
1.14 ± 0.15 
1.09 ± 0.14 
1.19 ± 0.12 
1.20 ± 0.17 
0.92 ± 0.14 
1.05 ± 0.17 
1.32 ± 0.17 
1.17 ± 0.19 
1.07 ± 0.14 
 
Oxtr 2.53 ± 0.62 
1.20 ± 0.20 
3.34 ± 0.69 
1.34 ± 0.25 
4.04 ± 0.61 
1.73 ± 0.20 
2.57 ± 0.66 
1.16 ± 0.24 
3.93 ± 0.77 
0.87 ± 0.28 
2.12 ± 0.75 
0.89 ± 0.24 
 
Diet p = 0.027 
Avpr1a 0.20 ± 0.03 
0.82 ± 0.10 
0.22 ± 0.03 
0.73 ± 0.13 
0.21 ± 0.02 
0.89 ± 0.09 
0.16 ± 0.03 
0.94 ± 0.11 
0.24 ± 0.03 
0.84 ± 0.13 
0.16 ± 0.03 
0.86 ± 0.11 
 
Avpr1b 1.81 ± 0.31 
1.41 ± 0.23 
1.08 ± 0.34 
0.95 ± 0.33 
2.10 ± 0.29 
1.42 ± 0.22 
0.93 ± 0.33 
1.61 ± 0.27 
1.27 ± 0.37 
1.45 ± 0.35 
1.90 ± 0.37 
0.74 ± 0.22 
Trt p = 0.045 
Thra 1.91 ± 0.15 
1.62 ± 0.16 
2.15 ± 0.17 
1.34 ± 0.19 
2.12 ± 0.13 
1.49 ± 0.14 
1.97 ± 0.16 
1.34 ± 0.19 
2.14 ± 0.17 
1.51 ± 0.21 
1.96 ± 0.18 
1.29 ± 0.17 
  
Antioxidant Defense Systems  
  
Ahr 0.56 ± 0.16 
0.93 ± 0.12 
0.54 ± 0.18 
0.44 ± 0.15 
0.37 ± 0.14 
0.57 ± 0.11 
0.49 ± 0.17 
0.65 ± 0.15 
0.39 ± 0.18 
0.79 ± 0.16 
0.31 ± 0.19 
0.77 ± 0.14 
 
Cat 0.28 ± 0.03 
1.45 ± 0.14 
0.27 ± 0.03 
1.15 ± 0.16 
0.25 ± 0.02 
1.20 ± 0.14 
0.28 ± 0.03 
0.95 ± 0.17 
0.25 ± 0.03 
1.41 ± 0.18 
0.25 ± 0.03 
1.15 ± 0.15 
 
Glrx 1.44 ± 0.14 
1.74 ± 0.17 
1.63 ± 0.16 
1.14 ± 0.22 
1.92 ± 0.12 
1.23 ± 0.17 
1.61 ± 0.15 
0. 92 ± 0.21 
1.57 ± 0.16 
1.50 ± 0.23 
1.76 ± 0.17 
1.27 ± 0.19 
 
Trt*Diet p = 0.016 
Sod1 1.36 ± 0.20 
1.39 ± 0.13 
1.87 ± 0.23 
1.22 ± 0.17 
1.34 ± 0.18 
1.31 ± 0.13 
1.50 ± 0.22 
1.06 ± 0.16 
1.58 ± 0.23 
1.27 ± 0.19 
1.53 ± 0.24 




Table 8 (cont.) 
Sod2 1.44 ± 0.23 
1.14 ± 0.13 
1.86 ± 0.28 
0.91 ± 0.16 
1.48 ± 0.21 
0.97 ± 0.12 
2.20 ± 0.31 
1.01 ± 0.15 
1.52 ± 0.25 
0.97 ± 0.18 
1.46 ± 0.30 
1.00 ± 0.15 
 
Sod3 1.61 ± 0.48 
2.06 ± 0.26 
1.58 ± 0.54 
1.53 ± 0.32 
1.23 ± 0.43 
1.68 ± 0.24 
2.36 ± 0.52 
1.79 ± 0.30 
1.31 ± 0.54 
2.18 ± 0.36 
1.66 ± 0.58 
1.22 ± 0.30 
 
Inflammation            
Ifng 1.36 ± 0.25 
0.44 ± 0.13 
1.59 ± 0.26 
0.28 ± 0.16 
1.52 ± 0.21 
0.46 ± 0.12 
1.02 ± 0.25 
0.73 ± 0.17 
1.19 ± 0.26 
0.32 ± 0.17 
0.58 ± 0.31 
0.26 ± 0.14 
Diet p = 0.012 
Il1b 0.34 ± 0.06 
3.60 ± 0.49 
0.28 ± 0.06 
1.29 ± 0.62 
0.28 ± 0.05 
2.30 ± 0.47 
0.35 ± 0.06 
2.78 ± 0.60 
0.23 ± 0.06 
2.46 ± 0.65 
0.31 ± 0.08 
3.22 ± 0.58 
 
Il6 2.32 ± 0.46 
0.89 ± 0.15 
0.75 ± 0.65 
0.74 ± 0.17 
1.31 ± 0.43 
0.70 ± 0.14 
2.05 ± 0.49 
0.88 ± 0.18 
1.13 ± 0.51 
0.70 ± 0.19 
1.90 ± 0.55 
0.69 ± 0.16 
 
Tnf 1.24 ± 0.16 
0.91 ± 0.17 
1.20 ± 0.18 
0.60 ± 0.22 
1.21 ± 0.14 
0.63 ± 0.15 
1.48 ± 0.17 
0.58 ± 0.21 
1.00 ± 0.18 
0.67 ± 0.22 
1.34 ± 0.19 
0.76 ± 0.19 
 
Apoptosis 
   
 
Bad 1.25 ± 0.08 
1.49 ± 0.15 
1.45 ± 0.09 
1.16 ± 0.19 
1.45 ± 0.07 
1.32 ± 0.14 
1.37 ± 0.09 
1.01 ± 0.18 
1.47 ± 0.09 
1.61 ± 0.22 
1.32 ± 0.10 
1.28 ± 0.16 
 
Trt*Diet p = 0.050 
Bcl2 1.02 ± 0.29 
1.49 ± 0.29 
1.65 ± 0.29 
0.98 ± 0.37 
1.21 ± 0.23 
1.21 ± 0.31 
1.60 ± 0.28 
1.45 ± 0.38 
1.12 ± 0.29 
1.40 ± 0.42 
1.17 ± 0.31 
1.35 ± 0.31 
 
Casp3 1.25 ± 0.16 
1.56 ± 0.15 
1.30 ± 0.18 
1.25 ± 0.19 
1.39 ± 0.15 
1.29 ± 0.15 
1.15 ± 0.18 
1.01 ± 0.18 
1.69 ± 0.18 
1.33 ± 0.20 
1.47 ± 0.20 
1.17 ± 0.16 
 
Dopamine Receptors       
Drd1 1.08 ± 0.30 
1.23 ± 0.19 
0.98 ± 0.30 
1.57 ± 0.22 
1.30 ± 0.24 
1.32 ± 0.17 
1.27 ± 0.32 
1.16 ± 0.23 
0.91 ± 0.30 
1.11 ± 0.25 
1.61 ± 0.32 
1.18 ± 0.20 
 
 
 Drd2 0.87 ± 0.25 
0.77 ± 0.10 
0.42 ± 0.30 
0.61 ± 0.11 
1.09 ± 0.20 
0.78 ± 0.09 
0.97 ± 0.26 
0.66 ± 0.12 
0.86 ± 0.25 
0.82 ± 0.13 
1.23 ± 0.30 
0.67 ± 0.11 
 
Table 8.  P10 (top) and P90 (bottom) mPFC gene expression in females (mean ± SEM).  Data are expressed as the 
ratio to L7a. 
Table 9 – P10 (top) and P90 (bottom) hypothalamic gene expression in females (mean ± SEM). 
Sex FEMALES   
Diet Control High Fat Diet 
ANOVA 
Phthalates Oil 200 1000 Oil 200 1000 
Endocrine System      
Avp 0.36 ± 0.23 
1.32 ± 0.14 
0.41 ± 0.26 
0.69 ± 0.16 
0.43 ± 0.20 
0.87 ± 0.13 
0.59 ± 0.23 
1.07 ± 0.13 
0.20 ± 0.26 
1.01 ± 0.15 
0.56 ± 0.23 
1.05 ± 0.15 
 
Avpr1a 1.04 ± 0.10 
1.02 ± 0.10 
0.70 ± 0.11 
1.04 ± 0.11 
1.03 ± 0.09 
0.97 ± 0.09 
0.81 ± 0.10 
0. 87 ± 0.09 
0.98 ± 0.12 
0.86 ± 0.10 
1.12 ± 0.10 
0.71 ± 0.10 
 
Diet p = 0.015 
Avpr1b 1.32 ± 0.28 
1.72 ± 0.34 
1.89 ± 0.34 
1.66 ± 0.38 
1.07 ± 0.25 
1.94 ± 0.36 
0.97 ± 0.28 
1.24 ± 0.30 
1.35 ± 0.31 
1.73 ± 0.37 
1.25 ± 0.28 
1.55 ± 0.37 
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Table 9 (cont.) 
Cd38 0.37 ± 0.11 
1.07 ± 0.09 
0.51 ± 0.12 
1.01 ± 0.10 
0.34 ± 0.09 
0.86 ± 0.09 
0.48 ± 0.11 
0.96 ± 0.08 
0.38 ± 0.11 
0.79 ± 0.10 
0.44 ± 0.11 
0.91 ± 0.09 
 
Oxt 0.23 ± 0.19 
1.34 ± 0.16 
0.32 ± 0.21 
1.04 ± 0.17 
0.10 ± 0.18 
1.35 ± 0.15 
0.45 ± 0.19 
1.14 ± 0.14 
0.02 ± 0.20 
1.40 ± 0.17 
0.51 ± 0.19 
1.42 ± 0.16 
 
Oxtr 1.52 ± 0.20 
1.22 ± 0.21 
1.24 ± 0.24 
1.22 ± 0.23 
1.51 ± 0.17 
1.68 ± 0.20 
1.19 ± 0.20 
1.16 ± 0.19 
2. 20 ± 0.22 
1.00 ± 0.25 
1.48 ± 0.20 
1.25 ± 0.21 
Trt * Diet p = 0.012 
Table 9.  P10 (top) and P90 (bottom) hypothalamus gene expression in females (mean ± SEM).  Data are expressed 
as the ratio to L7a. 
2.3.7 Oxidative Stress Markers 
Although oxidative stress markers were numerically increased in HFD groups within the 
mPFC, only in males were there indications of significance (Fig. 9).  In particular, a HFD in 
males significantly increased IL-15 [F(1, 24) = 9.443, p = 0.005] and there were nonsignificant 
trends for an increase in TNFα [F(1, 24) = 2.967, p = 0.098], IL-1β [F(1, 24) = 3.858, p = 0.061], 
IL-6 [F(1, 24) = 3.153, p = 0.088], and VEGF [F(1, 24) = 3.807, p = 0.063].  The other three 
oxidative stress markers in males (TGFβ, MCP-1, and IL-1α) and all of the oxidative stress 
markers for females were also in the same direction, but not significant.   
There were no significant exposure effects in either sex, but there were, in males only, 
significant exposure by diet interactions in TNFα [F(2, 24) = 3.676, p = 0.040], MCP1 [F(2, 24) 
= 3.921, p = 0.034], IL-15 [F(2, 24) = 9.824, p = 0.001], and VEGF [F(2, 24) = 5.194, p = 
0.013].  Post hoc tests revealed that a perinatal high-fat diet had a significant effect on increasing 
TNFα (p = 0.012), MCP1 (p = 0.029), IL-15 (p < 0.001), and VEGF (p = 0.017) only within the 




Figure 9.  Oxidative stress markers within the medial prefrontal cortex (mPFC) of males and females at P10.  In 
general, oxidative stress markers were numerically increased in HFD groups within the mPFC, but only in males 
were there actual indications as seen in IL-15 and in the nonsignificant trends in TNFα, IL-1β, IL-6, and VEGF.  
There were no significant exposure effects in either sex, but there were, in males only, significant exposure by diet 
interactions in TNFα, MCP1, IL-15, and VEGF that indicated a perinatal high-fat diet had a significant effect on 
increasing TNFα (p = 0.012), MCP1 (p = 0.029), IL-15 (p < 0.001), and VEGF (p = 0.017) only within the 
relatively high phthalate-exposed males. 
2.4 Discussion 
This is the first study to assess the effects of low doses of an environmentally relevant 
mixture of phthalates crossed with a high-fat diet.  Here, perinatal exposure to phthalates was 
shown to affect periadolescent social play behavior, especially in males, as well as prepubertal 
body weight in males.  These effects were independent of maternal care, as phthalate exposure 
did not affect maternal behaviors.  Overall, a maternal high-fat diet did not appear to exacerbate 
phthalate-induced effects; however, a high-fat diet generally increased oxidative stress markers 
within males exposed to the relatively high dose of the phthalate mixture.  A maternal high-fat 
diet also had effects of its own. Dams fed a high-fat diet consumed more calories, had greater 
gestational weight gain, displayed more maternal care, and nourished pups more, such that an 
early postnatal high-fat diet generally increased pup body weight that persisted only in males into 
adulthood.  Additionally, similar to what is observed in the periphery, a high-fat diet tended to 
increase oxidative stress markers within the mPFC at P10 in both males and females. 
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The present study indicates that perinatal exposure to phthalates has a lasting impact on 
social behaviors in both males and females.  In particular, perinatal phthalate exposure resulted 
in a dose-specific reduction in active social play behaviors in males.  Additionally, in females 
within the HFD group, perinatal exposure to the relatively low dose of phthalates resulted in 
significantly more isolated behaviors during social interaction testing.  These results are 
compatible with associations made in the human literature, which indicate an impact of prenatal 
phthalate exposure on social deficits (Miodovnik et al., 2011) and withdrawn behavior (Whyatt 
et al., 2012).  
The only other study in rodents that has previously explored the effects of perinatal 
phthalate exposure on social behaviors has also shown an effect.  Quinnies et al. (2017) found 
that, in both males and females, only the higher doses (i.e. 40 and 400 µg/kg) of DEHP affected 
social interactions in juvenile mice.  Specifically, the higher doses resulted in less sitting, both 
alone and side-by-side, as well as more investigative sniffing and independent exploring.  The 
implication of such effects on social behaviors in mice is not clear and comparing these effects to 
ours is difficult given the species and age differences, as well as a single phthalate to a mixture.  
However, the doses of DEHP that affected behavior are similar to the levels of DEHP in our 
mixture: 42 and 211 µg/kg DEHP at the relatively low and high doses of the mixture, 
respectively.  Given that our high dose of the mixture did not affect social behaviors though, this 
may suggest that the higher doses of other phthalates within the mixture may compete with or 
counteract the effects of DEHP alone.  Moreover, non-monotonic responses from phthalate 
exposure are not uncommon in the rodent literature (see Andrade et al., 2006a; Do et al., 2012). 
Social play is known to occur more frequently in males and is affected by androgen 
exposure during the neonatal period.  For example, males castrated on P1, but not at P23, engage 
in less social play than intact males and do not differ from intact females (Meaney and Stewart, 
1981).  Meaney & Stewart (1981) also showed that females either prenatally exposed to low 
doses (5 µg) of estradiol benzoate or ovariectomized do not differ in their rates of social play 
compared to intact females, whereas acute exposure to either testosterone or dihydrotestosterone 
during the neonatal period results in rates of social play comparable to intact males.  The effect 
of neonatal exposure to androgens on social play appears to be mediated by androgen receptors 
(ARs), as they showed that males neonatally exposed to an aromatase inhibitor or a 5-alpha-
reductase inhibitor do not affect social play; however, neonatal exposure to an AR antagonist 
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blocks the masculinization of social play (Meaney et al., 1983).  This is further supported by 
their observed female-typical rates of social play in male rats with testicular feminization 
mutation, which results in androgen insensitivity due to a lack of androgen receptor efficacy.   
Although androgens play a significant role in the organization of male-typical social play, 
other hormones can affect the AR system and social play.  For instance, lowering endogenous 
levels of progesterone neonatally can decrease play in females and increase play in males (Birke 
and Sadler, 1984).  This appears to be due to progestins having weak androgenic actions, which 
in control males can produce competition with other androgens (Birke and Sadler, 1988).  Others 
have found dose-dependent exposure effects on social play, as seen with estrogen’s influence on 
social play, where neonatal exposure to higher doses (100 µg) of estradiol benzoate can increase 
social play in females (Olesen et al., 2005).  Although this suggests that estrogens have an 
influence on social play, this may be dependent on the AR system as estrogens are known to 
increase AR expression in the brain (Burgess and Handa, 1993), even during the neonatal period 
(McAbee and Doncarlos, 1999), and result in more AR protein in adulthood (Handa et al., 1987).   
Considering the aforementioned influence of perinatal hormone exposure on social play, 
we speculate that the relatively low dose of the phthalate mixture is generally anti-androgenic.  
DiBP, BBP, and DBP are the only parent phthalates from the mixture that directly antagonize the 
androgen receptor (Takeuchi et al., 2005); however, DEHP also is commonly known for its anti-
androgenic effects (Christiansen et al., 2010) presumably due to secondary metabolites 
disrupting steroidogenesis (Piche et al., 2012) and antagonizing ARs (Stroheker et al., 2005).  
Although considerably less is known about the actions of DINP and DEP, there are indications 
that DINP may have anti-androgenic activity (Gray et al., 2000) and DEP may have estrogenic 
activity (Kumar et al., 2014).  Still, the specific cellular mechanisms behind these endocrine-
disrupting activities are not clear.  Furthermore, precisely why the low, but not the high, dose of 
our phthalate mixture affected social play is unknown; however, dose-dependent effects are not 
uncommon in the literature on phthalates (Li et al., 2009; Quinnies et al., 2017).  Also, other 
mechanisms, such as the capacity of some phthalates to antagonize cannabinoid receptor type 1 
(Bisset et al., 2011), may be involved, as the neonatal endocannabinoid system has recently been 
shown to contribute to the development of sex differences in social play (Argue et al., 2017). 
The present study also found that an environmentally relevant mixture of phthalates did 
not affect maternal behaviors, which is consistent with Quinnies et al. (2017), who found no 
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differences in maternal care in mice exposed to DEHP.  While exposure to an environmentally 
relevant phthalate mixture did not affect maternal behavior, there were indications of it affecting 
the offspring, suggesting that the observed effects in offspring were directly due to phthalates 
and not to alterations in maternal care.  This study demonstrated that perinatal phthalate exposure 
also reduced prepubertal body weight in males.  This is similar to what is found in single-
phthalate exposure studies, though it is generally observed across sexes (Dostal et al., 1987; Li et 
al., 2009; Lin et al., 2011b).  Our lack of a body weight difference in prepubertal females 
perinatally exposed to phthalates may be due to a mixture, as opposed to a single phthalate, as 
well as the relatively low doses in the current study.  This also may be why we did not observe 
distinct phthalate effects on pubertal onset in either males or females, unlike other single-
phthalate studies (Andrade et al., 2006b; Grande et al., 2006; Hu et al., 2013); however, in 
females, we observed that a perinatal high-fat diet delayed pubertal onset compared to a control 
diet within the relatively high phthalate-exposed females. 
A high-fat diet generally did not exacerbate phthalate-induced effects but had effects of 
its own.  Here, HFD-fed dams consumed more calories and had greater gestational weight gain, 
which is commonly observed in the literature (e.g. White et al., 2009a).  However, this finding is 
not always observed possibly due to the crude nature of body weight in comparison to adiposity, 
as well as differences in the duration of HFD exposure, percent of calories from the three 
primary macronutrients, and fatty acid composition (Sullivan et al., 2011).  In this study, HFD 
dams also cared for their pups more than CON dams, such that pups within the HFD groups were 
nursed and licked more often.  This finding is also congruent with the existing literature.  In fact, 
similar to our findings, other studies have shown that a maternal HFD increases nursing (Purcell 
et al., 2011) and licking behaviors (Bertino, 1982) (but see Connor et al., 2012).  Additionally, 
this is similar to findings in our laboratory involving a HFD and another endocrine disruptor 
(bisphenol A), where dams fed a HFD spent more time in the nest with indications of more 
nursing (Wise et al., 2016).  It is unclear why dams fed a HFD spent more time in the nest 
nursing and licking their pups, but being more satiated may influence these behaviors as dams 
may be less insistent on leaving the nest.  
Maternal care during the perinatal period has a long-term influence on the behavior of the 
offspring (Caldji et al., 1998), including social behaviors with cage mates (Parent and Meaney, 
2008).  Here, we found that maternal behaviors, specifically total licking, positively correlated 
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with periadolescent social play in a novel social environment in both males and females.  This is 
consistent with van Hasselt et al. (2012) who found that maternal licking and grooming received 
by male rats during the first postnatal week positively correlated with the frequency and duration 
of pouncing and pinning, two of the most distinct behaviors in social play.  Although this 
correlation was only found in males, it is worth mentioning that dams lick male pups more 
frequently than female pups (Moore and Morelli, 1979). 
It is well-established that a maternal HFD can developmentally program offspring 
towards an increased adiposity phenotype due to dysregulated metabolism and behavioral 
changes (Frihauf et al., 2016).  Here, seeing as HFD dams displayed more total nursing and have 
been shown to produce milk with higher fat content (Purcell et al., 2011), it is unsurprising that a 
perinatal HFD resulted in pups with generally higher postnatal body weights; however, this 
persisted only in males into adulthood.  This effect was most prominent at P10 and waned at P25 
in both sexes, which is likely due to the shorter duration and less severe HFD used in the current 
study, as many studies introduce a HFD, with 60% calories from fat, weeks before conception 
and continue it until weaning.  Why the effect persisted into adulthood in males, but not females, 
is unknown, but it is possible that there may have been differences in maternal care between the 
sexes, as we did not identify pups during maternal behaviors nor did we investigate maternal 
behaviors beyond P10.  Additionally, this diet effect at P90 was small (4%) compared to the 11% 
difference in average male body weight across diets at P10. 
In this study, we demonstrated that there were generally no systematic or consistent 
effects on P10 or P90 gene expression within the mPFC or hypothalamus of males and females, 
with the exception of a diet effect that was observed in the mPFC of P90 males across the 
estrogen receptors (Esr1, Esr2, and Esrrg), such that a perinatal HFD decreased the expression 
of these receptors.  This is consistent with what has been recently demonstrated, which is that a 
HFD can alter Esr1and Esr2 expression in the cortex of male Wistar rats (Scudiero and 
Verderame, 2017); however, there are differences compared to our study in the composition of 
the HFD, the age at exposure and duration, and the time of tissue collection.  The lack, or 
direction, of effects in other genes may, in part, be due to the nature of dissection, in which 
region-specific effects, especially in the hypothalamus, may be obscured by the inclusion of 
several distinct regions.  Furthermore, the lack, or direction, of effects in other genes is in 
contrast to the existing maternal HFD literature, which indicates that the developmental 
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programming of offspring is not only limited to a greater adiposity phenotype but also to 
alterations in gene expression within the cortex.  For instance, a perinatal HFD in rats has been 
shown to augment both the expression of oxidative/inflammatory markers in the cortex of males 
(White et al., 2009b) and oxytocin receptor in the prefrontal cortex (PFC) of males but not 
females (Hehar et al., 2016).  In contrast, of the 10 genes related to the cellular defense system 
and inflammation that we explored within the mPFC, only 3 were influenced by a maternal HFD 
at one of the time-points (i.e. P10 or P90) in a sex-specific manner.  Catalase expression was 
increased due to a maternal HFD in males at P10, whereas in females, the expression of 
interferon gamma and, within the vehicle-exposed group, glutaredoxin were actually decreased 
due to a maternal HFD at P10 and P90, respectively.  Moreover, there were no effects on the 
expression of oxytocin receptor in the mPFC in males, whereas in females, there was a decrease 
in its expression at P90 due to a maternal HFD.  Additionally, a perinatal HFD in mice has been 
shown in the PFC to reduce the expression of dopamine receptors while increasing expression of 
the dopamine reuptake transporter and opioid-related genes in adulthood (Vucetic et al., 2010) 
while we found no effects in adulthood on dopamine receptor expression. 
Consistent with our genetic expression data, our protein levels of oxidative stress markers 
did not show robust differences between groups in either sex; however, a HFD tended to increase 
oxidative stress markers within the mPFC of both males and females, although not as reliably as 
in the periphery (reviewed in Bolton and Bilbo, 2014).  Additionally, there were significant 
exposure by diet interactions in males with respect to oxidative stress markers indicating that a 
high-fat diet increased these markers when combined with the high dose of the phthalate 
mixture.  The significant interactions and diet effects were only found in males, which is 
consistent with the well-documented sex difference in offspring outcomes due to perinatal 
stressors, like a maternal high-fat diet (Bolton and Bilbo, 2014) or immune challenge (Howerton 
and Bale, 2012).  
Overall, perinatal exposure to an environmentally relevant mixture of phthalates and a 
maternal high-fat diet had independent effects that only sporadically interacted other than in 
oxidative stress markers in males.  The effects due to the mixture of phthalates were often either 
dose- or sex-specific.  This study demonstrates that perinatal exposure to an environmentally 
relevant mixture of phthalates can influence later behavior, without regard to diet. 
46 
 
CHAPTER 3: LONG-TERM EFFECTS ON COGNITIVE/EMOTIONAL BEHAVIORS 
3.1 Introduction 
Over the last few decades, there has been increasing public and research interest in the 
health concerns posed by many endocrine-disrupting chemicals.  One particular class of 
endocrine-disrupting chemicals, known as phthalates, is known to affect many aspects of health  
through a variety of mechanisms (Mariana et al., 2016).  For instance, phthalates can individually 
possess anti-androgenic, estrogenic, and anti-estrogenic activities (Takeuchi et al., 2005).  
Phthalates can also have such wide-ranging effects as repressing the synthesis of steroidogenic 
enzymes (Kim et al., 2004; David, 2006), suppressing calcium signaling in nicotinic receptors 
(Liu et al., 2009), weakly antagonizing cannabinoid receptors (Bisset et al., 2011), and acting as 
metabolic disruptors by interfering with thyroid functions (Boas et al., 2012), IGF-1 (Boas et al., 
2010), and insulin sensitivity (Huang et al., 2014; Smerieri et al., 2015).  To further complicate 
their actions, phthalates are metabolized into many metabolites that can have disparate sets of 
mechanistic action.  
The ubiquitous exposure to phthalates is facilitated through their use as a plasticizer or 
solvent in a variety of consumer goods, including plastic products, personal care products, 
cleaning materials, pharmaceuticals, clothing, vinyl flooring, and wall coverings.  Since 
phthalates are lipophilic and not covalently bound to the products in which they are used, direct 
contact with products and subsequent transdermal uptake is one source of exposure to phthalates.  
However, phthalates can also readily migrate out of products or evaporate into the environment.  
As a result, diet is presumed to be the main source of exposure to many phthalates due to the 
environmental contamination during production, processing, and packaging of foods (Heudorf et 
al., 2007; Lyche et al., 2009).  In particular, fatty foods such as oils, dairy, meat, and fish contain 
the highest level of phthalates, which is concerning as calorically dense and high-fat foods are 
readily available in the developed world (Andersen, 2000).  Given the occurrence of phthalates 
in fatty foods and their shared ubiquity in the developed world, it is important to investigate their 
potential interaction with a high-fat diet.  Furthermore, phthalates and high-fat diets are 
separately capable of increasing oxidative stress and inflammation (Kasahara et al., 2002; White 
et al., 2009b), but their actions together are unknown. 
Given that phthalates and many inflammatory cytokines can readily cross the placenta 
(Mose et al., 2007), the prenatal period appears to be a particularly vulnerable window to 
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environmental insult, especially to the endocrine- and metabolic-disrupting effects of phthalates.  
Furthermore, considering that hormones influence the organizational circuitry of the brain, it is 
unsurprising that prenatal phthalate exposure, as measured by maternal urinary metabolites, is 
associated with adverse neurodevelopmental outcomes (Ejaredar et al., 2015).  In particular, 
there are several studies indicating that prenatal exposure to phthalates may influence children’s 
behavior and executive function.  For instance, prenatal exposure to phthalates has been 
positively associated with deficits in intellectual development and cognitive function (Miodovnik 
et al., 2011; Factor-Litvak et al., 2014; Polanska et al., 2014; Ipapo et al., 2017) as well as 
emotional control problems and symptomatology akin to attention-deficit/hyperactivity (ADHD) 
and autism spectrum disorders (ASD) (Engel et al., 2010; Kobrosly et al., 2014; Lien et al., 2015; 
Jeddi et al., 2016). 
Likewise in rodents, perinatal phthalate exposure has been shown to affect cognitive 
behavior with the majority of studies indicating negative effects (e.g. Hoshi and Ohtsuka, 2009) 
while a few demonstrate positive effects (e.g. Li et al., 2010).  However, these discrepancies are 
presumably due to the specific phthalate, dose, and behavioral task used within the study, as well 
as the sex and age at assessment.  For example, one study found dose- and sex-specific effects in 
spatial learning and memory in adolescence following perinatal exposure to dibutyl phthalate 
(DBP), such that the low dose impaired, whereas the high dose improved, performance in the 
water maze of male, but not female, rats (Li et al., 2009).  Another study using the water maze 
found that following perinatal exposure to diisononyl phthalate (DiNP) only the highest dose 
improved performance in adult female rats, whereas males were unaffected at all doses (Boberg 
et al., 2011).  Furthermore, perinatal exposure to diethylhexyl phthalate (DEHP) in mice has 
been shown to impair spatial learning and memory in adolescent males, but not adult males nor 
females at either age (Dai et al., 2015).  An age-dependent effect of perinatal phthalate exposure 
has also been shown in anxiety-like behavior of male, but not female, mice in the elevated plus 
maze (Xu et al., 2015).  In contrast, the female mice within the study that were perinatally 
exposed to DEHP displayed more anxiety-like behavior in a dose-specific manner at both ages 
relative to control.  Similar to the murine literature, exposure perinatally has been shown to 
reliably produce anxiogenic effects in rats (Carbone et al., 2013; Wang et al., 2014).   
However, a considerable amount of the rodent literature is limited in its relevance to 
general human exposure due to uncommon routes of exposure, the confounding stress of oral 
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gavage, and the use of doses well above the range of human exposre.  Moreover, the 
overwhelming majority of studies focus on one phthalate, with DEHP being the most frequently 
studied phthalate.  Thus, further investigation is necessary regarding the behavioral effects of 
prenatal phthalate exposure with an environmentally relevant mixture, dose, and route of 
administration. 
In this study, we use a rat model of human prenatal exposure to investigate the long-
lasting behavioral effects of phthalates and a high-fat diet.  Since the prenatal period through 
postnatal day (P)10 in rats approximately corresponds to prenatal cortical development in 
humans, the dams were fed either a high-fat or control diet as well as cookies containing an 
environmentally relevant mixture of phthalates at doses of 0, 200, or 1000 µg/kg/day throughout 
this period.  In adulthood, a set of behavioral tests (elevated plus maze, attentional set shift, 
prepulse inhibition, open field, and novel object recognition), many of which are supported by 
the medial prefrontal cortex (mPFC), were used to assess the long-term effects of perinatal 
exposure to an environmentally relevant mixture of phthalates and a high-fat diet. 
3.2 Materials & Methods 
3.2.1 Behavioral Testing 
Only one male and female from a litter were used in any given behavioral test.  One male 
and female per litter were tested in “track 1,” with behavioral testing in elevated plus maze 
followed by attentional set shift, while another pair from the same litter in “track 2,” with testing 
in prepulse inhibition followed by open field and novel object recognition.  Testing for either 
behavioral track began at P90 and each behavioral test was followed at least by one day of rest 
prior to the start of another behavioral test, except in the situation where open field testing was 
followed by the object recognition task ~24 h later.  Experimenters were blind to the 
experimental groups and, if more than one experimenter was used, experimental groups were 
balanced across experimenters.  Also, rats were tested around the same time of day for each test 
to ensure consistency across experimental groups. 
3.2.1.1 Startle Reactivity & Prepulse Inhibition 
The testing apparatus was a SR-LAB™ Startle Response System from San Diego 
Instruments (San Diego, CA), which included a lighted cabinet (Serial Number: SDI 000396) 
with a ventilated plexiglass cylinder of 9 cm diameter and 12 cm length.  The cylinder was 
49 
 
secured to a stabilimeter platform (Serial Number: CAL 005799) whereupon a piezoelectric 
accelerometer transduced movements that were then digitized into SR Lab (mxe) software 
(96.1.5.66).  Startle reactivity, which is regulated at the brainstem level, was measured by 
recording the movements for 65 ms upon the onset of a sudden and intense acoustic stimulus 
(“pulse”).  Additionally, two forms of its plasticity, both of which are assisted by forebrain 
structures and known to be impaired in some psychiatric disorders, were assessed.  Habituation 
in startle response was examined across testing blocks, and prepulse inhibition (PPI), which is 
the normal reduction in the magnitude of the startle response that occurs when the pulse is 
preceded by a weak prepulse, was recorded and analyzed for three separate prepulse intensities 
(see Fig. 10).  In order to reduce variance associated with individual differences in startle 
reactivity, PPI was evaluated as %PPI normalized to each subject, which is presumably the 
percent reduction in startle response due to the prepulse.  Thus, with incrementally higher 
prepulse intensities, lower magnitudes of the startle response are expected and reciprocated by 
higher %PPI values. 
 
Figure 10.  An illustration of (A) startle reactivity and (B) prepulse inhibition. 
Rats were habituated on P90, which consisted of being placed in the tube within the lit 
chamber for 10 min while being exposed to 65 dB background noise.  The following day, rats 
were tested under the same conditions across four blocks (similar to the protocol discussed in 
(Geyer and Dulawa, 2003)).  All testing trials within each block had a variable intertrial interval 
with an average of 15 s.  Each trial consisted of either a 40 msec pulse of 120 dB (pulse-alone; 
i.e. 55 dB above background), a 20 msec prepulse of various intensities (i.e. 3, 6, and 12 dB) 
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above background followed 80 msec later by a pulse (prepulse+pulse), or no acoustic stimulus 
(NOSTIM) other than the background.  Testing began with a 5-min acclimation period followed 
by block 1, which consisted of six pulse-alone trials and is used to measure the acoustic startle 
response (ASR) prior to appreciable habituation.  Blocks 2 and 3 consisted of 26 trials each, with 
all stimuli types presented in a pseudorandom and counterbalanced fashion.  The ASR for each 
of the stimuli (i.e. pulse-alone, prepulse+pulse for each prepulse intensity, and NOSTIM) were 
averaged within these two blocks and used within the calculation of %PPI.  This was calculated 
for each prepulse intensity by dividing the difference of the pulse-alone and prepulse+pulse 
ASRs by the pulse-alone ASR and multiplying this quotient by 100.  Block 4 consisted of 6 
pulse-alone trials, like block 1, and is used with the startle averages from the other three blocks 
as a measure of habituation.  However, since differences between groups can occur in the startle 
magnitudes of blocks 2 and 3, which are used to calculate PPI, artefactual effects in PPI may be 
observed.  Because of this, the startle magnitudes used within the calculation of PPI are analyzed 
separately to potentially dissociate effects.  Additionally, PPI is individually analyzed at each 
prepulse intensity (Geyer and Swerdlow, 2001; Geyer and Dulawa, 2003). 
3.2.1.2 Open Field & Novel Object Recognition  
The open field test is used to measure general locomotor activity and anxiety-like 
behavior.  Both open field and object recognition testing took place within the same apparatus, 
which was a square-shaped chamber with an open top and dimensions of 44 cm in length, 44 cm 
in width, and 35.5 cm in height.  There was a marked center field that was 19 cm by 19 cm.  
Open field testing served as habituation to the apparatus for the following day’s object 
recognition task.  Rats were transported individually into the testing room and placed in the 
corner of the chamber and a timer was started for 5 min.  For open field testing, stopwatches 
were used to record latency to the first center field entry, time spent in the center field, and the 
number of center field entries.  A rat was considered to enter or exit the center field upon the 
entry or withdrawal of all four limbs from the field.   
The novel object recognition task is generally used to measure memory.  For trial 1 of the 
object recognition task, which began 24 h after open field testing, two identical objects were 
placed in the opposite corners of the center field and the rat was able to explore the objects for 5 
min.  For trial 2 of the object recognition task, which began 2 h after the start of trial 1, one of 
the objects from trial 1 remained while the other was replaced with a novel object, and again the 
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rat was able to explore the objects for 5 min.  The amount of time interacting with the objects 
were recorded and the percent of interaction time with the novel object was calculated by the 
time spent with the novel object divided by the sum of the time spent with the novel and familiar 
objects all multiplied by 100.  The two pairs of objects used for the object recognition task were 
of similar size (i.e. 8-9 cm in height and had a base of 4.5 cm by 4.5 cm) and were 
counterbalanced across groups. 
3.2.1.3 Elevated Plus Maze 
The elevated plus maze is well-established in assessing anxiety-like behavior by 
exploiting the ethological trait of rodents to prefer enclosed spaces.  The testing apparatus stood 
50 cm tall and consisted of a center with four equiangular arms of 10.5 cm width that extended 
50 cm.  Two nonadjacent arms were enclosed with walls 33.5 cm tall.  Rats were maintained in 
their home cage while being habituated to the dimly lit testing room for 5 min.  At the beginning 
of the test, rats were placed in the center of the elevated plus maze facing a closed arm.  Rats 
were allowed 5 min to explore while the experimenter used stopwatches to record the latency to 
an open arm and the time spent in either open or closed arms.  The number of entries into either 
open or closed arms was also recorded.  A rat was considered to enter an arm when all four limbs 
crossed the entry.  Thus, the time spent in open arms was the accumulation of time between entry 
and withdrawal of all four limbs from an open arm.  When the 5 min elapsed, rats were removed 
and the apparatus was cleaned with ethanol before testing the next rat. 
3.2.1.4 Attentional Set-Shift 
The attentional set-shift apparatus was a plus maze in a relatively small room with dim, 
indirect lighting.  The center of the maze was 10 by 10 cm, with four equiangular arms of 10 cm 
width and 45 cm length.  The entire maze was enclosed with 15 cm high walls and placed upon a 
spinning table to allow easy adjustment during testing.  The inside walls and floor of two 
adjacent arms were white whereas the other two were black, and the floor of one black arm and 
adjacent white arm were smooth whereas the other two were textured (i.e. “rough”).  At the end 
of each arm, there were food troughs.  For training and testing, a wall-piece could be slid into 
one of four positions to convert the plus-shaped maze into a T-shaped maze, essentially blocking 
off entry into a specific arm. 
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The attentional set shift protocol began in adulthood at ~P92, at which time rats were 
food restricted in preparation for testing (similar to Willing and Wagner, 2016).  Throughout the 
13-day protocol, rats were weighed daily and food restricted to 85-90% of free-feeding 
bodyweight by testing days (i.e. days 12 and 13).  On days 1-5, rats were handled for 1 min, then 
given 3-4 food pellets in their home cages.  On days 6-8, rats underwent a daily habituation trial 
consisting of being placed in the center of the plus-shaped maze with all four arms baited with a 
food pellet.  A habituation trial ended upon obtaining all four food pellets or if 5 min had 
elapsed.  On days 9-11, rats underwent 8 daily trials of pretraining.  For each trial, the rat was 
placed at the end of one arm (start arm) with the opposing arm blocked off and learned to leave 
the start arm to enter only one of two open arms of the T-shaped maze to potentially obtain a 
food reward.  Trials were rewarded 50% of the time and the starting arm was quasi-randomly 
changed on each trial to ensure no learned arm preference.  On days 13 and 14, testing on set 1 
and 2 began, respectively.  The trials in both sets were similarly arranged as in pretraining trials, 
such that the rats were placed in alternating start arms with the option to enter only one of two 
target arms (Fig. 11).  
For set 1, rats were trained to enter a target arm using a specific cue based on color (i.e., 
white or black; rule 1) to obtain a food reward.  Experimental groups were balanced across the 
testing conditions.  Set 1 concluded when a performance criterion of 8 consecutively correct 
trials was met.  Rats unable to reach this criterion within 120 trials or due to lack of motivation 
for a food reward were excluded from the study.  Consequently, there were 9, 8, and 10 females 
in the respective 0, 200, and 1000 µg/kg groups, and there were 9, 8, and 11 males in the 
respective exposure groups.  The total number of trials performed in order to reach criterion were 
analyzed. 
On the next day after set 1, the contingency for the reward was changed to a different 
sensory modality, such that rats were now trained to enter a target arm using a cue based on 
texture (i.e. smooth or rough; rule 2) to obtain a food reward.  This extra-dimensional, or cross-
modal, shift is one form of behavioral flexibility that is mediated by cognitive functions of the 
prefrontal cortex (Ragozzino et al., 1999).  Rats completed 80 trials in set 2 regardless of 
performance.  On any given trial in set 2, there is only one correct choice and one incorrect 
choice, with half of the incorrect choices being perseverative errors and the other half being 
omission errors.  A perseverative error is an entering an incorrect arm according to the rule from 
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set 1, whereas an omission error is an incorrect choice that does not follow the rewarded stimuli 
from either set.  For example, a rat is trained to receive a food pellet on trials of set 1 if a white 
arm is chosen and on trials of set 2 if a rough arm is chosen, then a perseveration error is going to 
a white smooth arm during set 2.  Whether a rat performed a correct choice or an error across the 
80 trials was analyzed, as well as separate analyses of perseverative and omission errors across 
their respective 40 trials.  
 
Figure 11.  Attentional set-shift task.  In this example, (A) a rat is trained to go to black arms in set 1.  Once 8 
consecutive trials of correct responses occurs, the rat is removed and is tested in set 2 the following day.  (B) In set 
2, the rat is tested with an extra-dimensional shift in the rewarding cue, such that rough arms are now baited with a 
sucrose pellet.  Green arrows indicate correct responses and red arrows, incorrect responses, with solid red arrows 
representing perseverative errors. 
3.2.2 Statistical analyses 
Using SPSS, a two-way ANOVA (phthalate exposure x diet) with cohort as a cofactor 
was performed.  In addition, for set 1 of attentional set-shift, rule 1 (i.e. the rewarding cue: black 
or white) was used as another cofactor.  For set 2, a mixed linear model was used with diet, 
exposure, cohort, and rule 1 as (co)factors and block as a repeated covariate.  All analyses were 
performed separately for each sex, as we expected that the sexes would react differently to the 
endocrine-disrupting properties of the phthalate mixture.  Post hocs were performed using 
Fisher’s least square difference (LSD) method.  All exposure comparisons were in regard to the 




3.3.1 Prepulse Inhibition 
3.3.1.1 Startle Reactivity 
As expected, startle reactivity decreased across blocks for both males [F(3, 147) = 
29.354, p > 0.001] and females [F(3, 150) = 12.404, p < 0.001] indicating normal acoustic 
habituation (Fig. 12).  In females, there was a marginal block by diet interaction [F(3, 150) = 
2.637, p = 0.052) suggesting that diet may have a potential effect on the rate of habituation in 
females.  However, no effects of diet were present in any of the blocks.  Furthermore, in males, 
there was a marginal exposure effect [F(2, 49) = 3.072, p = 0.055] showing that the vehicle-
exposed males had lower startle magnitudes compared to the relatively high phthalate-exposed 
males (p = 0.045).  This was primarily driven by testing block 2, as there was a significant 
exposure effect in block 2 [F(2, 49) = 4.068, p = 0.023] revealing that the relatively high 
phthalate-exposed males had significantly higher startle reactivity compared to vehicle-exposed 
males (p = 0.025).  Considering that the average value for pulse-alone trials in blocks 2 and 3 are 
used to calculate PPI and that there was a significant exposure effect in males [F(2, 49) = 4.091, 
p = 0.023], this could bias the calculation of PPI.   
There were no significant effects for the initial block of pulse-alone trials indicating that 
there were no differences between groups in startle reactivity prior to appreciable habituation.  In 
NOSTIM trials, there were no significant effects or interactions for either males or females, but 
there was a non-significant tendency for CON females to be more active than HFD females [F(1, 
50) = 3.749, p = 0.058].  However, given that the startle reactivity values (mean ± SD; 1583.294 
± 187.173) are over 50-fold greater than the values obtained during NOSTIM trials (24.055 ± 
2.296), the subtle diet effects on overall motor activity in females should not confound the 




Figure 12.  The averaged startle magnitude for all four blocks in males (left) and females (right).  Both males and 
females displayed normal acoustic habituation across blocks (p < 0.001).  However, in males only, there was a 
tendency for the relatively high phthalate-exposed males to exhibit greater startle reactivity across blocks (p = 
0.055), which was driven by a significant effect in block 2 (p = 0.025). 
3.3.1.2 Percent PPI 
As expected, incrementally lower responses (i.e. higher %PPI values) were observed with 
increasing prepulse intensity for both males and females (Fig. 13).  Additionally, at a 12 db 
prepulse intensity, there was an exposure effect [F(2, 50) = 4.000, p = 0.024] in females, such 
that the vehicle-exposed females had lower responses than both the relatively low (p = 0.020) 
and high phthalate-exposed (p = 0.017) females across both diets.
 
Figure 13.  Prepulse inhibition response (%PPI) at various prepulse intensities (3, 6, and 12 db) in males (left) and 
females (right).  As expected, responses increase with increasing prepulse intensity for both males and females (p < 
0.001).  At a prepulse intensity of 3 db, there was a trend for a diet by exposure interaction (p = 0.063) in females, 
which was primarily driven by the relatively low phthalate-exposed HFD females having a greater response than 
the vehicle-exposed HFD females (p = 0.058).  At a 12 db prepulse intensity, there was an exposure effect (p = 
0.024) in females, such that the vehicle-exposed females had lower responses than both the relatively low (p = 
0.020) and high phthalate-exposed (p = 0.017) females across both diets. 
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3.3.2 Open Field & Novel Object Recognition 
For the open field, there were no significant effects in the latency to the center, time in 
the center (Fig. 14), or the number of entries into the center for either males or females.  
However for novel object recognition, although there were no differences between groups in the 
time spent interacting with the objects in trial 1 for either males or females, there was a 
significant diet by exposure interaction in trial 2 for females in the total time spent interacting 
with either object [F(2, 50) = 7.686, p = 0.011], such that the relatively high phthalate-exposed 
group spent less time interacting with objects than CON females (p = 0.026), but more in HFD 
females (p = 0.017), in comparison to the vehicle-exposed group.  Nonetheless, there were no 
significant effects in the percentage of time spent with the novel object in trial 2 for either males 
or females. 
 
Figure 14.  Time in the center of the open field (left) and percent time with the novel object in the second trial of 
novel object recognition (right) in males and females.  There were no significant effects or interactions in either of 
these measurements. 
3.3.3 Elevated Plus Maze 
There were no significant effects in the latency to an open arm entry, time spent in open 





Figure 15.  Time (s) spent in the open arms of the elevated plus maze.  There were no significant effects. 
3.3.4 Attentional Set Shift 
3.3.4.1 Set 1 
There was only a significant effect of stimulus for both males and females on trials to 
criterion [F(1, 45) = 6.508, p = 0.014, F(1, 40) = 36.564, p < 0.001, respectively] and percent 
correct [F(1, 45) = 22.942, p < 0.001, F(1, 40) = 40.844, p < 0.001, respectively] in set 1 
indicating that those with black arms as the rewarding cue performed significantly better than 
those with white arms as the rewarding cue. 
3.3.4.2 Set 2: Percent Correct 
There were significant effects of stimulus [F(1, 56) = 23.441, p < 0.001] and block [F(1, 
56) = 135.328, p < 0.001] for males in the percent of trials correctly performed in set 2, 
indicating that males with white arms as the rewarding cue in set 1 performed better in set 2 and 
that male performance improved across blocks, respectively.  Furthermore, there was a 
significant diet by exposure interaction [F(2, 56) = 4.697, p = 0.013], which revealed that only in 
the CON group did vehicle-exposed males significantly outperform the relatively low phthalate-
exposed males (p = 0.002) and marginally outperform the relatively high phthalate-exposed 
males (p = 0.067).   
In females, there was a significant effect of block [F(1, 51) = 77.817, p < 0.001] in the 
percent correct of trials performed.  Furthermore, the HFD females performed better than the 
CON females [F(1, 51) = 5.739, p = 0.020].  Additionally, there was a significant effect of 
exposure [F(2, 51) = 3.597, p = 0.035] indicating that the vehicle-exposed females performed 
significantly better than the relatively low phthalate-exposed females (p = 0.012) and only 
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marginally better than the relatively high phthalate-exposed females (p = 0.067) (Fig. 16). 
 
Figure 16.  The percent of trials with (A) a correct response or (B) an error during set 2 of the attentional set shift 
task in both males and females. *: p ≤ 0.002 
3.3.4.3 Set 2: Perseveration Errors 
In males, there were significant effects of stimulus [F(1, 56) = 5.547, p = 0.022], block 
[F(1, 56) = 112.346, p < 0.001], and exposure [F(2, 56) = 5.920, p = 0.005] in the percentage of 
set 2 trials with committed perseveration errors (Fig. 17).  The effect of stimulus indicated that 
males with white arms as the rewarding cue in set 1 made fewer perseverative errors in set 2.  
The effect of exposure was due to vehicle-exposed males having fewer perseverative errors 
compared to the relatively low dose phthalate-exposed males (p = 0.041).  In females, there were 
significant effects of block [F(1, 51) = 77.459, p < 0.001] and diet [F(1, 51) = 4.464, p = 0.040], 




Figure 17.  The percent of trials with a perseveration during set 2 of the attentional set shift task in both males and 
females.  Vehicle-exposed males made significantly fewer perseverative errors compared to the relatively low dose 
phthalate-exposed males (p = 0.041).  HFD females made fewer perseverative errors compared to CON females. 
3.3.4.4 Set 2: Omission Errors & Total Errors 
In males, there was a only significant effect of block [F(1, 56) = 17.996, p < 0.001] in the 
percent of set 2 trials with an omission error.  There was also a trend for an exposure effect [F(2, 
56) = 2.862, p = 0.066], such that vehicle-exposed males performed fewer omission errors than 
the relatively high phthalate-exposed males (p = 0.038).  However, in the percentage of set 2 
trials with performed errors, there were main effects of stimulus [F(1, 56) = 21.852, p < 0.001] 
and block [F(1, 56) = 143.512, p < 0.001].  Additionally, there was a significant diet by exposure 
interaction [F(2, 56) = 5.087, p = 0.009], such that only in the CON group did the vehicle-
exposed males have both significantly fewer errors than the relatively low phthalate-exposed 
males (p = 0.001) and marginally fewer errors than the relatively high phthalate-exposed males 
(p = 0.070). 
In females, there were no significant effects in the percentage of set 2 trials with an 
omission error.  However, in the total percentage of set 2 trials with performed errors, there were 
significant effects of block [F(1, 51) = 58.192, p < 0.001] and diet [F(1, 51) = 5.538, p = 0.023], 
such that the latter revealed that HFD females had significantly fewer errors than CON females 




This is the first study to assess the long-term effects of low doses of an environmentally 
relevant mixture of phthalates crossed with a HFD.  A maternal HFD did not appear to 
exacerbate phthalate-induced effects.  Here, perinatal exposure to phthalates was shown to have 
a few detectable, and generally adverse, effects on cognitive behaviors in adult males and 
females.  In particular, perinatal exposure to phthalates unfavorably resulted in a dose-specific 
increase in the startle reactivity of males and a decrease in cognitive flexibility in both sexes.  In 
contrast, perinatal exposure resulted in enhanced prepulse inhibition in females.  A maternal 
HFD also had effects of its own, but only in females where it appeared beneficial for cognitive 
flexibility. 
The present study indicates that perinatal exposure to an environmentally relevant 
mixture of phthalates has a long-lasting impact on cognitive flexibility in both males and 
females.  In particular, perinatal phthalate exposure resulted in a reduction in cognitive flexibility 
in males, especially those perinatally exposed to the relatively low dose of the mixture and to a 
maternal control diet.  In females, a modest decrease in cognitive flexibility was observed with 
perinatal exposure to phthalates, especially at the relatively low dose.  Although cognitive 
flexibility, to our knowledge, has never been directly examined as a result of phthalate exposure 
in either rodents or humans, perinatal phthalate exposure has been associated with symptoms 
related to ASD and ADHD, disorders that demonstrate reduced cognitive flexibility 
(Etchepareborda and Mulas, 2004; Lai et al., 2017). 
Here, perinatal exposure to only the relatively high dose of the phthalate mixture also 
modestly affected startle reactivity in males.  In particular, there was a non-significant tendency 
for the relatively high phthalate-exposed males to exhibit greater startle reactivity (stress 
response) compared to vehicle-exposed males across blocks.  This was specifically prominent in 
block 2 of habituation, a testing block that is used to calculate PPI, which makes the PPI 
measurements in males more difficult to interpret.  Although startle reactivity has never been 
directly assessed, these results are congruent with the anxiogenic responses seen with perinatal 
exposure to phthalates within the rodent literature (Carbone et al., 2013; Wang et al., 2014; Xu et 
al., 2015).  However, in the current study, we did not observe any significant effects in the time 
in either the center of the open field or opens arms of the elevated plus maze, both of which are 
commonly used to assess anxiety-like behavior.  This may be because the task was run after the 
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startle testing which is a more stressful task for a multitude of reasons (e.g., sudden, loud 
acoustic pulses during testing and restrained to a small testing cylinder).  Additionally, given that 
the rats were handled comparatively more than in other studies, this may have contributed to the 
lack of detectable differences in anxiety on the elevated plus maze. 
Although there were no significant effects on open field, elevated plus maze, and startle 
reactivity testing in females, there were effects on prepulse inhibition.  Females perinatally 
exposed to a mixture of phthalates, at either dose, appeared to have better sensorimotor gating 
specifically at the 12 dB prepulse intensity than vehicle-exposed females, as indicated by the 
greater %PPI responses.  Although this is the first study to examine prepulse inhibition in 
adulthood following perinatal phthalate exposure, there is a recent study that found opposite 
effects on PPI during adolescence in rats following postnatal DEHP exposure (Kim et al., 2017).  
However, these disparate effects due to phthalate exposure are likely due to differences in the 
exposure period and testing age, and/or the fact that exposure was to a single phthalate rather 
than to a complex mixture. 
Unlike in males, a HFD generally appeared beneficial for cognitive flexibility in females, 
as indicated by significantly more correct responses as well as fewer perseverative and total 
errors compared to control.  It is unclear why a maternal HFD was beneficial for cognitive 
flexibility in females, especially considering that the majority of effects on higher-order 
cognitive outcomes from a HFD reported in the literature have been unfavorable (Wu et al., 
2013; Grissom et al., 2015; McKee et al., 2017).  However, much of the literature focuses on 
males and uses more extreme HFDs with longer durations than in the current study. 
Congruent with these findings, neonatal lesions of the rat medial prefrontal cortex 
(mPFC) have been shown to enhance PPI and decrease cognitive flexibility in adulthood while 
no effects were observed in the open field or in working memory (Schwabe et al., 2004; 
Schneider and Koch, 2005a).  Moreover, neonatal lesions of the rat mPFC have been shown to 
disrupt periadolescent social play (Schneider and Koch, 2005b), which is similar to what we 
previously reported in Chapter 2 (Kougias et al., 2018).  Thus, phthalates may be affecting the 
neurodevelopment of the mPFC.  Although phthalates are known to have a promiscuous array of 
endocrine-disrupting activity, it is unclear whether the observed effects in the present study are 
directly due to endocrine disruption.  It is evident that in vitro phthalate exposure can induce 
apoptosis in murine neurons (Lin et al., 2011a), potentially in a hormone-independent manner 
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(Wojtowicz et al., 2017), and can perhaps suppress cell proliferation (Chen et al., 2011).  
However, xenobiotic and steroid receptors are also both known to regulate apoptosis and 
autophagy (reviewed in Wnuk and Kajta, 2017), and steroid receptors for androgen and estrogen 
are present in the neonatal cortex (Perez et al., 2003; Westberry and Wilson, 2012; Tsai et al., 
2015).  Therefore, there are many plausible mechanisms that may potentially lead to 
developmental disruption of the mPFC. 
Overall, perinatal exposure to an environmentally relevant mixture of phthalates affected 
later behavior in both males and females to a greater extent than a maternal HFD.  A maternal 
HFD did not appear to exacerbate phthalate-induced effects.  This study is unique in showing 
that perinatal exposure to an environmentally relevant mixture of phthalates can influence later 
adult behavior in both males and females.  Most notably, perinatal exposure to phthalates can 




CHAPTER 4: LONG-TERM EFFECTS ON NEUROANATOMY 
4.1 Introduction 
Phthalates are a class of endocrine-disrupting chemicals commonly used as plasticizers 
and solvents in a variety of consumer goods, including plastics, personal care products, 
fragranced products, pharmaceuticals, clothing, and building materials.  Their innumerable use in 
consumer products contributes to their ubiquitous exposure rates and makes it virtually 
impossible to avoid.  Furthermore, since phthalates are not covalently bound within the matrices 
of products in which they are used, phthalates can freely migrate out of products or evaporate 
into the environment.  Consequently, direct contact with these products and subsequent 
transdermal uptake is not the only source of exposure, as incidental ingestion and inhalation are 
also major routes of exposure.  In fact, diet is presumed to be the main source of exposure to 
many phthalates due to the environmental contamination during production, processing, and 
packaging of foods (Heudorf et al., 2007; Lyche et al., 2009). 
As a class of endocrine-disrupting chemicals, phthalates have a promiscuous set of 
mechanistic actions that are dependent on the given phthalate.  In fact, some phthalates have a 
disparate set of mechanistic actions that are specific to a given metabolite.  However, 
collectively, phthalates are known to have anti-androgenic, estrogenic, and anti-estrogenic 
activity (Takeuchi et al., 2005).  Phthalates can also have such wide-ranging effects as repressing 
the synthesis of steroidogenic enzymes (Kim et al., 2004; David, 2006), weakly antagonizing 
cannabinoid receptors (Bisset et al., 2011), suppressing calcium signaling in nicotinic receptors 
(Liu et al., 2009), and interfering with thyroid (Boas et al., 2012), IGF-1 (Boas et al., 2010), and 
insulin signaling (Huang et al., 2014; Smerieri et al., 2015).   
Considering that phthalates can readily cross the placenta (Mose et al., 2007), the prenatal 
period may be a particularly vulnerable window to the endocrine- and metabolic-disrupting 
effects of phthalates.  During this time, the developing brain undergoes extensive growth and 
organization, which may be susceptible to disruption from phthalates since hormones influence 
the developing brain.  For instance, aromatization of testosterone to estrogen in the brain of 
rodents, especially during development (Davis et al., 1995), is responsible for establishing male-
specific volumes and neuron numbers in several subcortical (hypothalamic) nuclei, such as the 
sexually dimorphic nucleus of the medial preoptic area (Gorski et al., 1978), anteroventral 
periventricular nucleus (Bleier et al., 1982), and arcuate nucleus (Leal et al., 1998).  These sex 
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differences in volume and neuron number are, at least in part, due to estrogen’s influence on 
apoptosis in the hypothalamic nuclei of rats (Davis et al., 1996; Hsu et al., 2001; Waters and 
Simerly, 2009).  Sex hormone receptors are particularly abundant in the neonatal hypothalamus, 
but they are also present in other brains areas, including the cerebral cortex, of neonatal rodents 
(Vreeburg et al., 1975; Attardi and Ohno, 1976).  Accordingly, it has also been shown that the 
sex differences in volume and neuron number in the rat primary visual cortex is, at least partially, 
a result of hormone-dependent sex differences in the time course and rate of cell death (Nunez et 
al., 2001).  In particular, it appears that androgens play a role in this sex difference by 
suppressing cell death during the neonatal period (Nunez et al., 2000). 
Furthermore, there is indirect evidence that prenatal phthalate exposure, as measured by 
maternal urinary metabolites, has effects on the developing brain because exposure is associated 
with adverse neurodevelopmental outcomes (Ejaredar et al., 2015).  In particular, there are 
several studies indicating that prenatal exposure to phthalates may negatively influence 
children’s behavior and executive function (Engel et al., 2010; Swan et al., 2010; Kobrosly et al., 
2014; Lien et al., 2015; Jeddi et al., 2016).  Although there are several human studies 
investigating the impact of gestational phthalate exposure on neurobehavioral outcomes, no 
study to date has examined the underlying neuroanatomical effects of gestational phthalate 
exposure in humans.  However, there is one study that looked at cortical maturation of children 
in relation to their current phthalate exposure levels and found that exposure was negatively 
correlated with cortical thickness in the right middle and superior temporal gyri (Park et al., 
2015). 
Likewise in rodents, it was previously shown that perinatal exposure to an 
environmentally relevant mixture of phthalates results in detectable, and generally adverse, 
effects on social and cognitive behaviors in both males and females (see Chapters 2 and 3).  The 
literature on phthalate effects on the brain is limited to single-phthalate exposure studies.  
Perinatal exposure to phthalates has been demonstrated to impair functional plasticity within 
hippocampal circuits (reviewed in Holahan and Smith, 2015).  Prenatal exposure to DEHP has 
resulted in poorer performance of a hippocampal-dependent task (i.e. the Morris water maze) in 
aged male and female rats that coincided with a hippocampal reduction in insulin gene 
expression and an increase in phosphorylated tau (Sun et al., 2014).  Moreover, perinatal 
exposure to DBP from GD2-P21 has been shown to increase apoptotic markers in hippocampal 
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neurons at P5 and P21 of both male and female rats (Li et al., 2013).  Also, hippocampal 
synaptophysin expression and protein levels at P21, as well as prepubertal performance in the 
Morris water maze, were all significantly decreased in both males and females following 
perinatal DBP exposure.  In an identically designed study from the same group, perinatal DBP 
exposure was also shown at P21 to significantly increase serum estradiol and decrease 
testosterone while, in the hippocampus, protein levels increased for aromatase and decreased for 
estrogen receptor β, BDNF, and p-CREB in both males and females (Li et al., 2014).  More 
recently, prenatal exposure to DEHP has been shown at P7 in mice to result in abnormal 
neuronal distribution and reduced neuronal number in the neocortex (Komada et al., 2016), 
though it is unclear what portion of the neocortex was evaluated.  Further investigation 
particularly on the behaviorally relevant region, the mPFC, is necessary for understanding the 
outcomes of perinatal exposure to phthalates.  An environmentally relevant mixture, dose, and 
route of administration would be especially important for applicability to humans. 
Thus, in this study, a rat model of human prenatal exposure was used to investigate the 
long-lasting neuroanatomical effects of an environmentally relevant mixture of phthalates.  In 
particular, the focus of the neuroanatomical investigation was on the total number of neurons, 
glia, and synapses within the mPFC of adult male and female rats.  The mPFC is of special 
interest given its involvement in both social and cognitive behaviors as well as in the pathology 
of many neuropsychiatric disorders.  Furthermore, the mPFC of phthalate-exposed rats from the 
maternal control diet group, were examined as well as only vehicle-treated rats from the maternal 
high-fat diet (HFD) group, considering that phthalates and HFD rarely interacted in the previous 
chapters.  
4.2 Materials & Methods 
4.2.1 Histological Preparation 
Brains were collected from littermates of the animals tested in the attentional set shift 
task.  These rats were between P103-134, which was at least 2 weeks after they completed 
behavioral tasks prepulse inhibition, open field, and object recognition, none of which involved 
food restriction.  Rats were deeply anesthetized with sodium pentobarbital before a transcardial 
perfusion with 0.1 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde 
fixative solution.  The brains were removed and stored in the paraformaldehyde fixative solution 
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for 24 hours followed by being stored in a 30% sucrose (cryoprotectant) solution for 3 days.  At 
this time, brains were coded in order to keep the experimenter blind to the rat’s group.  After 3 
days in the sucrose solution, the brain was sliced with a freezing microtome into 40 μm coronal 
slices.  One brain from a vehicle-exposed (0 µg/kg) female did not fix properly.  Thus, there 
were 10, 9, and 11 females in the respective 0, 200, and 1000 µg/kg groups and 11, 9, and 11 
males in the respective exposure groups. 
4.2.2 Immunohistochemistry 
4.2.2.1 Methylene Blue/Azure II 
In order to precisely visualize the rostral and caudal borders of the mPFC, every section 
near the rostral start of the frontal white matter and the caudal end in which the genu corpus 
callosum appears were mounted on gelatin-coated slides.  For the rest of the mPFC, every fifth 
section was mounted with the remaining sections placed in a storage solution (30% glycerol, 
30% ethylene glycol, 30% distilled water, 10% .1M PBS) and stored in a -20 °C freezer for later 
use.  Mounted sections were allowed to dry prior to being stained with Methylene Blue/Azure II, 
a cell body stain used for cellular quantification, laminar parcellation, and volume determination.  
Sections on a slide were covered with permount and a coverslip. 
4.2.2.2 Synaptophysin 
Three mPFC sections representative of each brain were selected from the storage solution 
and stained for synaptophysin, a presynaptic vesicle protein used as a marker of synapses as in 
(Drzewiecki et al., 2016).  Sections were rinsed 3 times for 5 min in tris-buffered saline (TBS, 
pH 7.6), placed for 30 min in a blocking solution (20% normal goat serum, 1% bovine serum 
albumin, 1% hydrogen peroxide), and then incubated for 48 hours at 4 °C in the primary 
antibody (anti-synaptophysin, 1:5000, Sigma-Aldrich; mouse monoclonal), which was diluted in 
tris-triton goat (TTG) solution (2% normal goat serum, 0.3% triton X-100 in TBS).  Following 
primary incubation, sections were rinsed 3 times for 5 min each in TTG followed by incubation 
with the biotinylated secondary antibody diluted in TTG (Anti-mouse IgG Antibody, 5 μg/mL, 
Vector laboratories) for 90 min at room temperature (~23 °C).  Sections were then rinsed for 5 
min twice in TTG and twice in TBS.  Following rinsing, sections were placed in avidin-biotin 
complex (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA) for 1 hour at room 
temperature (~23 °C) and then stained with diaminobenzaidine (DAB) (SigmaFast 3-3’ 
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Diaminobenzidine Tablets) for 2 min.  Lastly, sections were rinsed thoroughly with TBS, 
mounted on gelatin-coated slides, and dried for at least 24 hours prior to being coverslipped 
using permount. 
4.2.3 Volume of the Medial Prefrontal Cortex 
Sections stained with Methylene Blue/Azure II were used in determining the volume of 
the mPFC, as previously detailed in (Markham et al., 2007).  The area and thickness of layers I, 
II/III, and V/VI were separately used to calculate the volume of the mPFC.  The subcortical 
white matter within the mPFC sections were also parcellated for volume estimations.   
The ventral mPFC, which contains the prelimbic (PL) and infralimbic (IL) regions, were 
parcellated in reference to the underlying white matter and in accordance to cytoarchitectonic 
criteria (see Van Eden and Uylings, 1985).  Parcellation of the rostral mPFC began with the 
appearance of frontal white matter, and the caudal end of the mPFC coincided with the 
appearance of the genu of the corpus callosum.  The dorsal border of the ventral mPFC was 
identified by a decrease in layer I size, a less distinct layer I/II border, an increase in the cellular 
density of layer III, and a broadening of layer V/VI.  The ventral border of the mPFC was 




Figure 18.  (A) A parcellation of layers I, II/III, and V/VI of the mPFC, as well as the underlying white matter, in a 
Methylene Blue/Azure II section.  (B) Higher magnification of a Methylene Blue/Azure II section in which neurons 
can easily be distinguished from glia.  (C) High magnification of an immunohistochemically stained section of 
synaptophysin, a marker of synapses.  The counting frame has green inclusion and red exclusion lines for 
stereological counting. 
4.2.4 Neuron and Glia Counts 
The number of neurons and glia were stereologically counted with the optical disector in 
the sections stained with Methylene Blue/Azure II using StereoInvestigator software 
(Microbrightfield, Williston, VT).  After parcellating the mPFC into layers I, II/III, and V/VI 
(Fig. 18.A), the software randomly sampled sites to count within each region.  A 35 x 35 x 10 
µm (width x height x depth) counting frame was employed with 1 µm guard zones at the top and 
bottom of each section.  The experimenter counted cells only if the bottom of the cell was within 
the volume of the counting frame.  By using Methylene Blue/Azure II, neurons and glia are 
distinguished based upon differences in size, color, and shape.  In particular, neurons are larger 
and are stained dark blue with a distinct nucleus and nucleolus, whereas glia are smaller, 
turquoise-stained, amorphous cells (Fig. 18.B).  Given the sparse distribution of cells in layer I, 
cells were not quantified in this region.  However, in each layers II/III and V/VI, a minimum of 
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150 glia and 200 neurons were counted across sampled sites of at least two sections of the mPFC 
from a given brain.  Separate neuronal and glial densities were calculated for each lamina.  These 
densities were multiplied by their respective laminar volumes to estimate the total number of 
neurons and glia.  
4.2.5 Synapse Quantification 
Like the quantification previously described in Drzewiecki et al. (2016) and similar to 
how neurons and glia were counted above, a minimum of 200 synaptophysin-stained boutons 
were stereologically counted in each laminar region I, II/III, and V/VI of a given brain (Fig. 
18.C).  In contrast to the cell counts, a 4 x 4 x 6 μm counting frame was used with 0.1 µm guard 
zones at the top and bottom of each section.  Synaptophysin-stained bouton densities for each 
laminar group (i.e. I, II/III, and V/VI) were calculated.  These densities were then multiplied by 
their respective laminar volumes to estimate the total number of synaptophysin-stained boutons. 
4.2.6 Statistical Analyses 
In SPSS, separate analyses were performed for the investigation of diet effects and for 
treatment effects.  All analyses were performed separately for each sex, as we expected that the 
sexes would react differently to the endocrine-disrupting properties of the phthalate mixture.  For 
each analysis, a 1-way ANOVA (diet or exposure) were run.  Post hoc tests using Fisher’s least 
square difference (LSD) method with each exposure dose (200 and 1000 µg/kg) only compared 
to the vehicle-exposed (0 µg/kg) group were performed.  Two-tailed correlations were run 
between neuroanatomical and cognitive flexibility measurements for rats within the same litter. 
4.3 Results 
4.3.1 Phthalate exposure effects on neuroanatomy 
4.3.1.1 Neurons and Glia 
The number of neurons in the mPFC was decreased by perinatal phthalate exposure in 
males [F(2, 31) = 10.283, p < 0.001] and females [F(2, 30) = 13.247, p < 0.001] at both doses (p 
< 0.002) (Fig. 19.A).  The phthalate exposure effect on neuron number was evident in both layers 
II/III [F(2, 31) = 10.849, p < 0.001; F(2, 30) = 10.001, p < 0.001] and V/VI [F(2, 31) = 7.934, p 
= 0.002; F(2, 30) = 11.133, p < 0.001] for both males and females, respectively. 
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There were no effects of phthalate exposure on the number of glia in total or in each 
lamina for either sex (Fig. 19.B).  
 
Figure 19. (A) Total number of neurons and (B) glia in the mPFC.  In both sexes, vehicle-exposed rats had more 
neurons in the mPFC than the relatively low (p < 0.002) and high phthalate-exposed rats (p < 0.001). 
4.3.1.2 Synaptophysin: Marker of synapses 
Analysis of the total number of synaptophyin boutons in the mPFC revealed a significant 
effect of phthalate exposure in females [F(2, 30) = 3.672, p = 0.041], such that vehicle-exposed 
females had more synapses in the mPFC than the relatively high phthalate-exposed females (p = 
0.011) and, though not significant, than the low phthalate-exposed females (p = 0.051) (Fig. 
20.A).  When analyzing the layers separately, a phthalate exposure effect was only significant in 
layers V/VI of males [F(2, 31) = 4.719, p = 0.019] and females [F(2, 30) = 6.081, p = 0.008] at 
both doses (p < 0.038); however, though not significant, the other layers show a similar pattern.  
Lastly, there were no significant effects for the number of synaptophysin-labelled synapses per 




Figure 20. (A) Total number of synaptophysin boutons, a marker of synapses, and (B) the number of synapses per 
neuron in the mPFC.  Vehicle-exposed females had more synaptophysin boutons in the mPFC than the relatively 
high phthalate-exposed females (p = 0.011). There were no significant effects in the number of synapses per neuron 
in the mPFC. 
4.3.1.3 mPFC and Underlying White Matter Volume 
Overall, there was a significant effect of phthalate exposure on the total volume of the 
mPFC in males [F(2, 31) = 3.885, p = 0.035] (Fig. 21.A), such that the vehicle-exposed males 
had significantly larger volumes than the relatively high phthalate-exposed rats (p = 0.010).  
There was no significant effect of phthalate exposure on the total volume of the mPFC in 
females, and there was no effect of phthalate exposure on the volume of the white matter under 




Figure 21.  (A) Volume of the mPFC and (B) underlying white matter.  Vehicle-exposed males had larger mPFC 
volumes than the relatively high phthalate-exposed males (p = 0.010). 
4.3.1.4 Neuroanatomy-behavior correlations 
Because phthalates appeared to affect the sexes similarly, correlations were run with both 
sexes between neuroanatomical and cognitive flexibility measurements for rats within the same 
litter.  The number of synapses per neuron was significantly, and positively, correlated with the 
number of correct choices in set 2 of the attentional set shift task (R = 0.327, p = 0.016).  
Additionally, the number of synapses per neuron was significantly, and negatively, correlated 
with the total perseverative errors in set 2 of the attentional set shift task (R = -0.336, p = 0.013), 
such that littermates of rats with more synapses per neuron in the mPFC performed better on the 
cognitive flexibility task than those with fewer.  These correlations were particularly robust in 
the last 40 trials of set 2 (i.e., the second half) when performance is generally better, such that 
littermates of rats with more synapses per neuron in the mPFC performed better on the cognitive 
flexibility task based on the number of correct choices and perseverative errors in the second half 
(R = 0.385, p = 0.004; R = -0.421, p = 0.002, respectively), as opposed to the first half (R = 
0.109, p = 0.432; R = -0.109, p = 0.432, respectively). 
The number of synaptophysin boutons was significantly, and positively, correlated with 
the number of correct choices in set 2 of the attentional set shift task (R = 0.291, p = 0.033), such 
that rats with more boutons in the mPFC performed better on the cognitive flexibility task than 
those with fewer.  Although not significant, total synaptophysin boutons showed a trend toward a 
negative correlation with the total perseverative errors in set 2 of the attentional set shift task (R 
73 
 
= -0.243, p = 0.076).  These findings were most prominent in the last 40 trials of set 2 (i.e., the 
second half) when performance is generally better, such that rats with more synaptophysin 
boutons performed better on the cognitive flexibility task than those with fewer, as assessed by 
total correct choices (R = 0.327, p = 0.016) and perseverative errors (R = -0.302, p = 0.027; 





Correct Choices Perseveration 
all 80 trials last 40 trials all 80 trials last 40 trials 
Synaptophysin 
R = 0.291, 
p = 0.033* 
R = 0.327, 
p = 0.016* 
R = -0.243, 
p = 0.076T 
R = -0.302, 
p = 0.027* 
Synapses/neuron 
R = 0.327 
p = 0.016 
R = 0.385 
p = 0.004 
R = -0.336 
p = 0.013 
R = -0.421 
p = 0.002 
Neurons 
R = -0.018, 
p = 0.895 
 R = 0.071, 
p = 0.607 
 
Glia 
R = -0.035, 
p = 0.803 
 R = 0.007, 
p = 0.963 
 
Table 10.  Correlations (Pearson’s coefficient (R), p value) between measurements of neuroanatomy and measures 
of cognitive flexibility (n = 55). 
4.3.2 Diet effects on neuroanatomy 
4.3.2.1 Neurons and Glia 
The number of neurons (Fig. 22.A) and glia (Fig. 22.B) in the mPFC were not 
significantly different between diet groups in either sex; however, there was a nonsignificant 
trend in the number of neurons in males, such that the male offspring of dams fed a HFD tended 
to have a greater number of neurons compared to male offspring of dams fed a CON diet [F(1, 
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15) = 3.311, p = 0.089].
 
Figure 22. (A) Total number of neurons and (B) glia in the mPFC.  There were no significant diet effects.  
4.3.2.2 Synaptophysin: Marker of synapses 
Analysis of the total number of synaptophyin boutons in the mPFC revealed no 
significant differences between the diet groups in either sex (Fig. 23.A).  Also, there were no 
significant effects for the number of synaptophysin-labelled synapses per neuron in either sex 
(Fig. 23.B).  
 
Figure 23. (A) Total number of synaptophysin boutons, a marker of synapses, and (B) the number of synapses per 
neuron in the mPFC.  There were no significant effects. 
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4.3.2.3 mPFC and Underlying White Matter Volume 
Overall, there were no significant differences between the diet groups on the total volume 
of the mPFC (Fig. 24.A) nor on the underlying white matter volume (Fig. 24.B) in either sex.   
 
Figure 24.  (A) Volume of the mPFC and (B) underlying white matter.  Diet did not significantly affect the volume of 
the mPFC or the underlying white matter. 
4.4 Discussion 
This is the first study to assess the long-term effects of perinatal exposure to low doses of 
an environmentally relevant mixture of phthalates on the neuroanatomy of the adult cortex.  
Here, perinatal exposure to phthalates was shown to decrease the number of neurons and 
synapses in the medial prefrontal cortex (mPFC) in adulthood regardless of sex.  Interestingly, 
the number of synapses within the mPFC also correlated with measures of cognitive flexibility, 
such that littermates of rats with fewer synapses demonstrated less cognitive flexibility than 
those of littermates with more synapses.  In contrast to the number of neurons and synapses, 
there were no phthalate exposure effects on the volume of the underlying white matter or the 
number of glia in the mPFC, so that not all cellular components decreased.  Also, the lack of 
phthalate effects on the number of synapses per neuron indicates that the primary effect of the 
phthalates may be on neuron number itself.  It should also be noted that both sexes showed the 
same effects, or lack thereof, on all measures due to phthalate exposure.  It is possible that the 
lack of phthalate effect on glia and the underlying white matter are due to the high capacity of 
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glia, and thus myelin, to proliferate after the perinatal period (Hattori et al., 1989; Askew et al., 
2017).  
As a class of endocrine-disrupting chemicals, phthalates have a promiscuous set of 
mechanistic actions that are specific to each phthalate and to the various metabolites (e.g., 
Chauvigne et al., 2009).  Collectively though, phthalates are known to have anti-androgenic, 
estrogenic, and anti-estrogenic activity (Takeuchi et al., 2005), but given that both sexes show 
the same effects, phthalates may not be disrupting gonadal steroid effects on sexual 
differentiation.  Although there are indications that androgens can affect apoptosis in the visual 
cortex (Nunez et al., 2000), whether there is a role for sex hormones in the perinatal development 
of the mPFC is not known.  Moreover, the unknown competition or interaction of effects with a 
mixture of phthalates makes it difficult to speculate a collective toxicodynamic effect.  Phthalates 
can also have such wide-ranging effects as repressing the synthesis of steroidogenic enzymes 
(Kim et al., 2004; David, 2006), weakly antagonizing cannabinoid receptors (Bisset et al., 2011), 
suppressing calcium signaling in nicotinic receptors (Liu et al., 2009), and interfering with 
thyroid (Boas et al., 2012), IGF-1 (Boas et al., 2010), and insulin signaling (Huang et al., 2014; 
Smerieri et al., 2015).  Furthermore, in vitro phthalate exposure can induce apoptosis in murine 
neurons (Lin et al., 2011), potentially in a hormone-independent manner (Wojtowicz et al., 
2017), and can perhaps suppress cell proliferation (Chen et al., 2011).  Thus, there are several 
potential mechanisms for how phthalates could have affected neuron number, but more specific 
conclusions cannot be specified at this time. 
Regardless of the mechanistic action of this phthalate mixture, the present 
neuroanatomical results complement the current literature on exposure to a single phthalate; 
however, our study for the first time shows a long-lasting neuroanatomical change.  Previous 
studies on perinatal exposure to a single phthalate have demonstrated that phthalates can impair 
functional plasticity of hippocampal circuits (reviewed in Holahan and Smith, 2015).  In 
particular, perinatal exposure to DBP in rats has been shown to decrease synaptophysin within 
the hippocampus of both males and females immediately after exposure at P21, but this effect 
was not significant at P60 (Li et al., 2013).  Additionally, prenatal exposure to DEHP has also 
been shown to result in abnormal neuronal distribution and reduced neuronal number at P7 in the 
cortex of mice (Komada et al., 2016); however, it is unclear which part of the cortex was 
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investigated.  Further research is needed to determine the mechanism underlying these 
neurotoxic effects of a mixture of phthalates. 
It should be mentioned that toxicological studies commonly use litter-specific data since 
pups from the same litter are not statistically independent (i.e., there are intra-litter correlations) 
and littermates tend to respond more alike than do pups from different litters due to similarities 
in genetics as well as in gestational and rearing environments (reviewed in Fox et al., 2017).  
Additionally, the strength in doing neuroanatomical measurements in the littermates of 
cognitively assessed rats elucidates the directionality of the neural and behavioral changes.  In 
particular, the phthalate-induced deficit in cognitive flexibility is not mediated by alterations in 
maternal care, as we previously reported no effects of this phthalate mixture on maternal 
behavior (Kougias et al., 2018); however, based on our litter-specific correlations, it appears that 
this phthalate-induced deficit in cognitive flexibility may be mediated by phthalate-induced 
neuroanatomical changes.  It is not entirely clear why the total number of synapses and synapses 
per neuron, but not neuron counts, correlated with behavior.  However, considering that lesions 
outside of the mPFC are known to alter dendritic complexity and spine density within the mPFC 
(reviewed in Kolb and Gibb, 2015), perhaps there are changes in other brain regions that are 
involved in this behavioral deficit, such that synapses would more appropriately reflect the 
perturbed circuitry.  In support of this, a stress-induced decrease in dendritic arborization in the 
mPFC has been shown to be predictive of impaired performance in an attentional set-shifting 
task (Liston et al., 2006). 
This is also the first study to assess the long-term effects of a maternal HFD on the 
neuroanatomy of the adult cortex in offspring.  Here, a maternal HFD resulted in offspring with 
no detectable, long-term difference in the neuroanatomy of the adult mPFC.   
Overall, this study is unique in showing that perinatal exposure to an environmentally 
relevant mixture of phthalates had long-term effects on the mPFC neuroanatomy of adult rats.  
These effects were independent of sex, suggesting a common neurotoxic effect of phthalates in 
the developing cortex of males and females.  Furthermore, these effects were seen at both doses 
of the phthalate mixture, which were relatively low in comparison to the existing rodent 
literature and are presumably within the range of the estimated daily intakes of humans.  Thus, 
these results may have serious implications for humans given the mPFC is involved in executive 
functions and is implicated in the pathology of many neuropsychiatric disorders.   
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CHAPTER 5: GENERAL DISCUSSION & CONCLUDING REMARKS 
This dissertation examined the effects of a rat model of human prenatal exposure to 
phthalates in conjunction with a maternal HFD.  In particular, the set of studies within the 
preceding chapters investigated the developmental, behavioral, and neural effects of perinatal 
exposure to phthalates and a HFD, with a specific emphasis on the mPFC.  Prior to the 
experiments contained herein, no study has investigated the potential interaction of simultaneous 
exposure to a HFD and phthalates during this sensitive period of development.  Since a maternal 
HFD is known to increase inflammation and lead to adverse neurodevelopmental outcomes in 
offspring similar to what has been shown with prenatal phthalate exposure, it was predicted that 
phthalates and a HFD would have additive effects on the adverse neurodevelopmental outcomes.  
However, surprisingly, perinatal exposure to phthalates and a HFD resulted in independent 
effects that rarely interacted. 
An investigation of behaviors that involve executive functions, as well as brain regions 
related to these cognitive behaviors, was needed in regards to perinatal exposure to phthalates.  
While perinatal exposure to a single phthalate has previously been shown to affect performance 
in the water maze, there are inconsistencies in the direction of outcomes, likely due to the 
specific phthalate, dose, and behavioral protocol used within the study, as well as the sex and age 
at testing.  Furthermore, although there is some research in rodents demonstrating the effects of 
perinatal exposure to phthalates, much of the literature is limited in its relevance to human 
exposure due to uncommon routes of exposure (e.g., intraperitoneal injections), the confounding 
stress of oral gavage, and the use of a single phthalate at relatively high doses.  Thus, further 
investigation was necessary regarding the behavioral and neural outcomes of perinatal exposure 
to phthalates, especially with a human-relevant mixture, dose, and route of administration.  In the 
set of studies here, we expand the existing rodent literature, and support the human literature, in 
demonstrating that perinatal exposure to an environmentally relevant mixture of phthalates 
results in adverse neurodevelopmental outcomes that are evident in social behaviors, startle 
reactivity, and cognitive flexibility in both males and females. 
In addition to the consistent effects observed in behavioral outcomes between neonatal 
mPFC lesions (Schwabe et al., 2004; Schneider and Koch, 2005a, b) and the current study of 
perinatal exposure to phthalates – i.e., disrupted social play behaviors, enhanced prepulse 
inhibition, intact working memory, decreased cognitive flexibility, and no effect in open field 
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testing –  the neuroanatomical data support a neurotoxic effect of phthalates on the number of 
neurons in the mPFC, which may be similar to the resulting neuroanatomy following a neonatal 
mPFC lesion.  The lack of consistent effects in oxidative stress markers and gene expression 
within the mPFC at P10 following perinatal exposure to phthalates suggests that this was not due 
to oxidative stress and the array of genes assessed.  Since there were no effects of phthalate 
exposure on the number of synapses per neuron in the mPFC, this suggests that neuron loss, 
rather than synapses per se, are driving the phthalate-induced decrease in the total number of 
synapses within the mPFC.   
Interestingly though, the number of synapses per neuron, was significantly, and 
positively, correlated with better performance in set 2 of the attentional set shift task, such that 
littermates of rats with more synapses per neuron in the mPFC performed better on the cognitive 
flexibility task than those with fewer.  These correlations with cognitive flexibility were 
particularly robust for the number of synapses per neuron, but were also significant for the total 
number of synapses.  It is unclear why these neuroanatomical measurements, but not neurons, 
which presumably drive the loss of synapses, were correlated with cognitive flexibility.  It is 
possible that the loss of neurons and synapses are separate, interdependent effects, such that 
perinatal phthalate exposure resulted in both a loss of neurons and synapses, but synapses 
correlated with behavior as it is more reflective of the functional network that is affected in 
relevant behaviors.  This may be because the synapses that are lost are reflective of those from 
extracortical regions. 
More research is needed to confirm this, as well as to identify which neurons and 
synapses were lost.  Given that there is a reduction in parvalbumin-immunopositive neurons in 
the mPFC following neonatal mPFC lesions and that the phthalate exposure resulted in strikingly 
similar behavioral phenotypes, it is possible that these neurons are also vulnerable to the 
neurotoxic effects of phthalates.  Furthermore, it is possible that neurons, or synapses, involved 
in the mesocortical dopaminergic pathway are affected, especially considering our effects in 
dopamine-sensitive behaviors, like social play, prepulse inhibition, and attentional set-shifting.  
Perhaps a dampened dopaminergic pathway is the culprit of these behavioral effects, as 
dopamine antagonists have been reported to decrease social play (reviewed in Vanderschuren et 
al., 2016), alleviate PPI deficits (Wakabayashi et al., 2015), and decrease behavioral flexibility 
(Lanser et al., 2001); however, further research is needed. 
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A HFD rarely interacted with phthalate-induced effects, but a HFD did present its own 
independent effects.  Although a HFD increased maternal caloric intake and gestational weight 
gain, as well as maternal care and pup prepubertal bodyweights that persisted into adulthood in 
males, a HFD did not have many, and certainly not robust, effects on neurodevelopment.  In fact, 
the only salient effect that a HFD had was limited to females on cognitive flexibility, such that an 
early perinatal HFD appeared beneficial to cognitive flexibility in females.  There were no 
significant effects of a HFD on the neuroanatomy of the mPFC.   
Considering that much of the rodent literature on the behavioral effects of a HFD are 
conflicting and human associations are predominantly focused on maternal obesity, it is possible 
that maternal obesity, and not a HFD per se, is primarily responsible for the developmental 
programming of offspring.  Furthermore, we did not observe robust effects of a maternal HFD on 
gestational weight and oxidative stress markers, which may elucidate why no adverse 
neurodevelopmental effects were seen.  In fact, a maternal HFD during a metabolic-demanding 
time, like the gestational and lactational period, may be beneficial, as evidenced by the increased 
maternal care that was observed here, which is known to mediate offspring stress responsivity 
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